The role of dendritic cells and macrophages in helicobacter pylori induced immunity and tolerance by Urban, Sabine
Zurich Open Repository and
Archive
University of Zurich
Main Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch
Year: 2017
The role of dendritic cells and macrophages in helicobacter pylori induced
immunity and tolerance
Urban, Sabine
Abstract: Helicobacter pylori is a gram-negative bacterium colonizing the stomach mucosa of half of
the world‘s population. Persistent infections with H. pylori are linked to gas- tritis and carriers are
predisposed to an elevated gastric cancer risk. However, the host is not able to clear the infection
leading to a persistence of H. pylori and a con- comitant chronic inflammation. These persistent effects
of H. pylori have likely de- veloped as a by-product of more than 60.000 years of co-evolution with the
human host. H. pylori has evolved both innate and adaptive immune evasion strategies that allow it
to overcome host defenses. Besides its well known negative consequences, chronic H. pylori infections
also exert beneficial effects. Epidemiological and animal studies inversely link H. pylori infection to the
risk of developing allergic asthma and inflammatory bowel diseases, especially when infection occurs
early in life. In previ- ous studies, we have shown that the tolerogenic activity of DCs and the IL-18-
dependent expansion of Treg cells are essential for asthma protection driven by H. pylori. However, little
was known about the molecular mechanisms promoting toler- ogenic responses of dendritic cells and the
different contribution of the various mye- loid resident populations in the stomach mucosa to tolerance
and immunity to H. pylori. We observed that CX3CR1hi macrophages, monocytes and CD11b+ DCs
take up H. pylori and NLRP3 expression is required for the differentiation of CD11b+ DCs. In ad- dition,
CD11b+ DCs seem to have a tolerogenic phenotype as the deficiency in these cells leads to an overshooting
TH1 response. In contrast, BATF3-dependent CD103+ DCs are necessary for an H. pylori-specific TH1
response in the stomach lamina pro- pria. We could further show that CD103+ DCs and IL-10 expression
of CD11c+ cells are essential for allergic asthma protection by regulating allergen-specific TH2 responses.
We identified ￿-catenin signaling in CD11c+ DCs to be required for allergen specific asthma protection.
Focusing on the role of bacterial factors, we found the two im- munoregulatory factors, GGT and VacA,
to be sufficient for asthma protection. The protection conferred by purified VacA from H. pylori culture
supernatant is depend- ent on IL-18, IL-10 and CD103+ DCs. The activation of IL-18 was dependent on
H. py- lori urease inducing TLR2 to upregulate NLRP3 transcription and the subsequent ac- tivation of
the NLRP3 inflammasome. Urease-expressing H. pylori, TLR2 and NLRP3 are all essential for asthma
protection with live bacteria. Further, we could identify TLR2 and NLRP3 expression to be upregulated
in macrophages and CD11b+ DCs take up H. pylori in the stomach lamina propria. This finding supports
their importance as immunosuppressive mediators during H. pylori infection. Overall, our results show a
division of labor among different gastric phagocytosing cell subsets. We identified CD103+ DCs, IL-10
production and ￿-catenin signaling in CD11c+ cells, as well as the urease/TLR2/IL-18 axis as essential
mediators of H. pylori- induced immune tolerance. With these findings, we contribute to a better under-
standing of tolerance induction by this important human pathogen.
Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-145905
Published Version
Originally published at:
Urban, Sabine. The role of dendritic cells and macrophages in helicobacter pylori induced immunity and
tolerance. 2017, University of Zurich, Faculty of Science.
2
THE ROLE OF DENDRITIC CELLS AND MACROPHAGES 
IN HELICOBACTER PYLORI INDUCED 
 IMMUNITY AND TOLERANCE 
 
 
 
DISSERTATION 
 
ZUR 
 
ERLANGUNG DER NATURWISSENACHFTLICHEN DOKTORWÜRDE 
(DR. SC. NAT.) 
 
VORGELEGT DER 
 
MATHEMATISCH-NATURWISSENSCHAFTLICHEN FAKULÄT 
 
DER 
 
UNIVERSITÄT ZÜRICH 
 
VON 
 
SABINE URBAN 
 
AUS 
 
DEUTSCHLAND 
 
 
 
PROMOTIONSKOMMISSION: 
 
PROF. DR. ANNE MÜLLER (VORSITZ UND LEITUNG DER DISSERTATION) 
 
PROF. DR. MARIES VAN DEN BROEK  
 
PROF. DR. MELANIE GRETER 
 
PROF. DR. MANFRED KOPF 
 
 
 
ZÜRICH, 2017 
 

I	
TABLE	OF	CONTENT
SUMMARY	....................................................................................................................	1	
ZUSAMMENFASSUNG	..................................................................................................	3	
INTRODUCTION	............................................................................................................	5	
1. 	The	mononuclear	phagocyte	system	...................................................................	5	
1.1				Development	of	dendritic	cells	and	macrophages	...................................	5	
1.2				Dendritic	cells	...........................................................................................	7	
1.3				Macrophages	.........................................................................................	13	
2.	Innate	immune	recognition	................................................................................	17	
2.1				Pattern	recognition	receptors	................................................................	17	
2.2				The	role	of	β-catenin	signaling	in	tolerance	and	immunity	...................	20	
3.	Heliocbacter	pylori	..............................................................................................	24	
3.1				Taxonomy	...............................................................................................	24	
3.2				Prevalence	and	transmission	.................................................................	24	
3.3				Virulence	factors	of	Helicobacter	pylori	.................................................	25	
3.4				Immune	evasion	.....................................................................................	25	
4.	Heliocbacter	pylori	and	allergic	asthma	..............................................................	29	
4.1				Pathogenesis	of	allergic	asthma	.............................................................	29	
4.2				Treatment	of	allergic	asthma	.................................................................	31	
4.3				Protective	role	of	Helicobacter	pylori	against	allergic	asthma	...............	31	
AIMS	OF	THE	THESIS	..................................................................................................	33	
RESULTS	......................................................................................................................	34	
1. 	Published	research	articles	................................................................................	34	
1.1				Effective	treatment	of	allergic	airway	inflammation	with		
			Helicobacter	pylori	immunomodulators	requires	BATF3-dependent	
			dendritic	cells	and	IL-10	.........................................................................	34	
1.2				Helicobacter	urease–induced	activation	of	the	TLR2/	NLRP3/IL-18	axis	
									protects	against	asthma	.........................................................................	46	
2.	Manuscript	..........................................................................................................	66	
2.1				NLRP3	controls	CD11b+	dendritic	cell	differentiation	at	steady	state	
					and	during	bacterial	infection	...............................................................	66	
3.	Unpublished	data	.............................................................................................	104	
3.1				The	role	of	β-catenin	signaling	in	DCs	during	Helicobacter	pylori	
										infection	...............................................................................................	104	
DISCUSSION	..............................................................................................................	119	
1. 	The	role	of	macrophages	and	CD11b+	DCs	in	H.	pylori	infection	.....................	119	
1.1				The	MP	compartment	differs	between	gastric,	small	intestinal	and	
										colonic	mucosa	....................................................................................	119	
	II	
	
	
1.2				CCR2	dependent	recruitment	of	macrophages	and	DCs	.....................	120	
1.3				CD11b+	DCs,	Ly6C+	monocytes	and	macrophages	phagocytose		
										H.	pylori	in	the	gastric	mucosa	.............................................................	121	
1.4				Upregulation	of	tolerogenic	mediators	after	H.	pylori	encounter	.......	123	
2.		The	anti-inflammatory	role	of	TLR2/NLRP3	in	H.pylori	infection	....................	124	
2.1					H.	pylori	induces	TLR2-dependent	NLRP3	transcription	.....................	124	
2.2					Urease	B	induces	IL-1β	and	NLRP3	expression	...................................	125	
2.3					NLRP3-	an	anti-inflammatory	regulator	..............................................	126	
2.4					NLRP3	is	required	for	CD11b+	DC	differentiation	in	gastrointestinal		
										tissues	..................................................................................................	127	
3.		The	pleitropic	role	of	BATF3-dependent	DCs	during	H.	pylori	infection	..........	129	
3.1				BATF3-dependent	DCs	regulate	the	TH1	response	against	H.	pylori		
											in	the	GI	tract	......................................................................................	129	
3.2				The	role	of	CD103+	DCs	in	the	lung	of	H.	pylori-infected	mice	.............	130	
4.		The	role	of	β-catenin	signaling	in	H.	pylori	infection	.......................................	131	
4.1				The	effect	of	H.	pylori	infection	on	β-catenin	signaling	in	DCs	............	131	
4.2				The	role	of	β-catenin	signaling	in	CD11c+	cells	in	H.	pylori	induced		
										immune	tolerance	...............................................................................	133	
5.		Mechanisms	of	asthma	protection	..................................................................	135	
5.1				Host	factors	regulating	H.	pylori-induced	asthma	protection	..............	135	
5.2.			Bacterial	determinants	of	asthma	protection	......................................	138	
	
CONCLUDING	REMARKS	..........................................................................................	141	
	
ABBREVIATION	.........................................................................................................	143	
	
REFERENCES	.............................................................................................................	145	
	
ACKNOWLEDGMENTS	..............................................................................................	160	
	
APPENDIX	.................................................................................................................	161	
1.		Published	research	article	................................................................................	161	
1.1				Lymphotoxin	β	receptor	signalling	executes	Helicobacter	pylori-driven		
										gastric	inflammation	in	a	T4SS-dependent	manner.	...........................	161	
2.	Manuscript	........................................................................................................	185	
2.1				Helicobacter	pylori	and	its	secreted	immunomodulator	VacA	protect		
									against	food	allergy	..............................................................................	185	
3.	Curriculum	vitae	...............................................................................................	215	
Summary	
	 1	
SUMMARY		
Helicobacter	pylori	 is	a	gram-negative	bacterium	colonizing	the	stomach	mucosa	of	
half	of	the	world`s	population.	Persistent	infections	with	H.	pylori	are	linked	to	gas-
tritis	 and	carriers	are	predisposed	 to	an	elevated	gastric	 cancer	 risk.	However,	 the	
host	is	not	able	to	clear	the	infection	leading	to	a	persistence	of	H.	pylori	and	a	con-
comitant	chronic	 inflammation.	These	persistent	effects	of	H.	pylori	have	 likely	de-
veloped	as	a	by-product	of	more	than	60.000	years	of	co-evolution	with	the	human	
host.	H.	pylori	has	evolved	both	innate	and	adaptive	immune	evasion	strategies	that	
allow	it	to	overcome	host	defenses.	Besides	its	well	known	negative	consequences,	
chronic	H.	pylori	 infections	also	exert	beneficial	effects.	Epidemiological	and	animal	
studies	inversely	link	H.	pylori	infection	to	the	risk	of	developing	allergic	asthma	and	
inflammatory	bowel	diseases,	especially	when	infection	occurs	early	in	life.	In	previ-
ous	 studies,	 we	 have	 shown	 that	 the	 tolerogenic	 activity	 of	 DCs	 and	 the	 IL-18-
dependent	 expansion	of	 Treg	 cells	 are	 essential	 for	 asthma	protection	driven	by	H.	
pylori.	However,	little	was	known	about	the	molecular	mechanisms	promoting	toler-
ogenic	responses	of	dendritic	cells	and	the	different	contribution	of	the	various	mye-
loid	 resident	 populations	 in	 the	 stomach	mucosa	 to	 tolerance	 and	 immunity	 to	H.	
pylori.	
We	 observed	 that	 CX3CR1hi	 macrophages,	 monocytes	 and	 CD11b+	DCs	 take	 up	H.	
pylori	and	NLRP3	expression	is	required	for	the	differentiation	of	CD11b+	DCs.	In	ad-
dition,	CD11b+	DCs	seem	to	have	a	tolerogenic	phenotype	as	the	deficiency	in	these	
cells	 leads	 to	an	overshooting	TH1	 response.	 In	 contrast,	BATF3-dependent	CD103+	
DCs	are	necessary	for	an	H.	pylori-specific	TH1	response	in	the	stomach	lamina	pro-
pria.	We	could	further	show	that	CD103+	DCs	and	IL-10	expression	of	CD11c+	cells	are	
essential	for	allergic	asthma	protection	by	regulating	allergen-specific	TH2	responses.	
We	 identified	β-catenin	signaling	 in	CD11c+	DCs	 to	be	required	 for	allergen	specific	
asthma	protection.	Focusing	on	the	role	of	bacterial	 factors,	we	found	the	two	 im-
munoregulatory	factors,	GGT	and	VacA,	to	be	sufficient	for	asthma	protection.	The	
protection	conferred	by	purified	VacA	from	H.	pylori	culture	supernatant	is	depend-
ent	on	IL-18,	IL-10	and	CD103+	DCs.	The	activation	of	IL-18	was	dependent	on	H.	py-
lori	urease	inducing	TLR2	to	upregulate	NLRP3	transcription	and	the	subsequent	ac-
tivation	of	 the	NLRP3	 inflammasome.	Urease-expressing	H.	pylori,	TLR2	and	NLRP3	
are	all	essential	for	asthma	protection	with	live	bacteria.	Further,	we	could	identify	
TLR2	and	NLRP3	expression	to	be	upregulated	in	macrophages	and	CD11b+	DCs	take	
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up	H.	pylori	in	the	stomach	lamina	propria.	This	finding	supports	their	importance	as	
immunosuppressive	mediators	during	H.	pylori	infection.	
Overall,	our	 results	 show	a	division	of	 labor	among	different	gastric	phagocytosing	
cell	 subsets.	We	 identified	CD103+	DCs,	 IL-10	production	and	β-catenin	 signaling	 in	
CD11c+	cells,	as	well	as	the	urease/TLR2/IL-18	axis	as	essential	mediators	of	H.	pylori-
induced	 immune	 tolerance.	With	 these	 findings,	we	 contribute	 to	 a	 better	 under-
standing	of	tolerance	induction	by	this	important	human	pathogen.		
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ZUSAMMENFASSUNG	
Helicobacter	 pylori	 (H.pylori)	 ist	 ein	 gram-negatives	 Bakterium,	 das	 den	 menschli-
chen	Magen	besiedelt	und	zu	einer	chronischen	Infektion	führen	kann.	Solche	persis-
tenten	 Infektionen	 stehen	 im	 engen	 Zusammenhang	mit	 chronischer	Gastritis	 und	
einem	erhöhten	Magenkrebsrisiko.	Diese	Persistenz	ist	die	Folge	verschiedener	Me-
chanismen	 der	 Anpassung	 von	H.	 pylori,	 entwickelt	 um	 die	 angeborene	 und	 auch	
adaptive	 Immunantwort	des	menschlichen	Wirtes	 zu	umgehen.	Neben	den	negati-
ven	 Effekten	 zeigen	 epidemiologische	 und	 experimentelle	 Studien	 aber	 auch,	 dass	
eine	H.	pylori	 Infektion	 zusätzliche	positive	Effekte	 für	das	menschliche	 Immunsys-
tem	hat.	Dies	wird	durch	eine	inverse	Korrelation	zwischen	H.	pylori	Infektionen	und	
der	Erkrankung	an	Allergien	wie	Asthma	und	chronisch-entzündlichen	Darmerkran-
kungen	 deutlich.	 In	 vorhergehenden	 Studien	 konnten	 wir	 zeigen,	 dass	 tolerogene	
Dendritische	 Zellen	 (DCs)	 und	die	 daraus	 folgende	 IL-18	 abhängige	Differenzierung	
von	regulatorischen	T-Zellen	(Treg)	essentiell	für	einen	H.	pylori	gesteuerten	Asthma-
schutz	ist.	
Ziel	dieser	Arbeit	war	die	Aufklärung	der	molekularen	Mechanismen,	die	der	Umpro-
grammierung	der	Dendritischen	Zellen	zu	tolerogenen	Zellen	während	einer	H.	pylori	
Infektion	 zu	 Grund	 liegen.	 Zusätzlich	 sollte	 die	 Funktion	 verschiedener	 myeloider	
Zellen	in	der	Entwicklung	von	inflammatorischen	und	tolerogenen	Immunantworten	
im	 Verlauf	 einer	H.	 pylori	 Infektion	 in	 der	 Lamina	 propria	 des	Magens	 untersucht	
werden.		
Hierbei	konnten	wir		CX3CR1hi	Makrophagen,	Monozyten	und	CD11b+	DCs	als	H.	py-
lori	internalisierende	Zelltypen	identifizieren.	Zusätzlich	konnten	wir	zeigen,	dass	die	
NLRP3	Genexpression	essenziel	für	die	Differenzierung	von	CD11b+	DCs	ist	und	diese	
Zellen	während	einer	H.	pylori	 Infektion	einen	tolerogenen	Phänotyp	aufweisen.	Im	
Gegensatz	dazu	 sind	BATF3-abhängige	CD103+	DCs	 für	die	H.	pylori	 spezifische	TH1	
Antwort	in	der	Lamina	propria	des	Magens	verantwortlich.	In	der	Lunge	sind	wiede-
rum	CD103+	DCs	essentiell	für	die	Regulierung	der	allergen-spezifischen	TH2	Antwort.	
Als	weitere	Regulatoren	der	TH2	Antwort	während	einer	H.	pylori	Infektion	konnten	
wir	die	IL-10	Produktion	sowie	den	β-Catenin	Signalweg	in	CD11c+	DCs	identifizieren.	
Als	 bakterielle	 Faktoren	 sind	 zwei	 immunoregulatorische	 Proteine,	 VacA	 und	GGT,	
für	 den	Asthmaschutz	 verantwortlich.	Hierbei	war	 der	 Schutz	 durch	 aufgereinigtes	
VacA	abhängig	von	einer	IL-18	und	IL-10	Produktion	sowie	von	CD103+	DCs.	Die	Akti-
vierung	von	IL-18	ist	wiederum	abhängig	von	der	H.	pylori	Urease,	die	den	TLR2	Sig-
nalweg	induziert	und	damit	das	NLRP3	Inflammasoms	aktiviert.	Des	Weiteren	konn-
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ten	wir	eine	erhöhte	Expression	von	TLR2	und	NLRP3	in	Makrophagen	und	DCs	nach	
H.	pylori	Aufnahme	beobachten.	Dies	unterstreicht	die	 immunosuppressive	Bedeu-
tung	der	beiden	Faktoren	während	einer	H.	pylori	Infektion.		
Zusammenfassend	zeigen	unsere	Ergebnisse	die	diversen	Wirkungsweisen	der	unter-
schiedlichen	phagozytierenden	Zelltypen	im	Magen	während	einer	H.	pylori	 Infekti-
on.	 Des	 Weitern	 konnten	 wir	 die	 IL-10	 Produktion	 und β−Catenin	 Aktivierung	 in	
CD11c+	Zellen	sowie	den	Urease/TLR2/IL18-	Signalweg	als	wichtige	Mechanismen	im	
Asthmaschutz	 identifizieren.	 Diese	 Arbeit	 trägt	 somit	 dazu	 bei,	 die	 Regulation	 der	
Immunantwort	durch	dieses	wichtige	humane	Pathogen	besser	zu	verstehen.	
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INTRODUCTION	
1.	THE	MONONUCLEAR	PHAGOCYTE	SYSTEM		
1892	Metchnikoff	detected	that	particle	engulfment	by	cells,	the	so-called	phagocy-
tosis,	plays	an	 important	role	 in	host	 resistance	against	 infection	and	named	these	
phagocytic	cells	macrophages	1.	In	1969,	a	new	concept,	valid	until	now,	groups	only	
highly	phagocytic	cells	and	their	precursors	into	the	so-called	"mononuclear	phago-
cyte	system"	(MPS)	2.	Since	Steinman’s	discovery	of	dendritic	cells	(DCs)	in	1970,	we	
can	further	differentiate	the	pool	of	cells	in	the	MPS	into	macrophages	and	dendritic	
cells.	These	cells	are	not	only	able	to	phagocytose	pathogens	and	commensals,	they	
also	represent	the	missing	link	between	antigen	recognition	and	T	and	B	cell	activa-
tion	 3.	 For	 this	discovery,	Ralph	Steinman	and	colleagues	were	awarded	 the	Nobel	
Prize	in	2011.	
	
1.1	Development	of	dendritic	cells	and	macrophages		
The	ontogeny	of	DCs	and	macrophages	is	a	matter	of	ongoing	research;	nevertheless	
I	will	 try	 to	sum	up	the	 latest	 insight	 in	this	chapter.	Common	myeloid	progenitors	
(CMP)	 and	 lymphoid	 progenitors	 arise	 from	 hematopoietic	 stem	 cells	 in	 the	 bone	
marrow	4.	These	CMPs	develop	into	macrophage-dendritic	cell	progenitors	(MDP)	if	
the	core-binding	factor	subunit	β	(Cbfβ)	is	expressed,	or	into	granulocyte	monocyte	
progenitors	(GMP)	in	the	absence	of	Cbfβ	(Figure	1).	However,	the	origin	of	MDPs	is	
still	 under	debate	 5.	 The	MDPs	 further	differentiate	 into	dendritic	 cells	 and	mono-
cytes/macrophages.	The	two	lineages	diverge	when	the	MDPs	give	rise	to	common	
monocyte	 progenitors	 (cMoP)	 and	 conventional	 dendritic	 cell	 precursors	 (CDPs),	
which	differentiate	 in	 an	 FLT3-dependent	manner	 6,7.	 CDPs	 give	 rise	 to	 pre-DCs	or	
plasmacytoid	DCs	(pDC),	which	enter	the	bloodstream	and	migrate	to	lymphoid	and	
non-lymphoid	tissues.	pDCs	depend	on	E2-2	expression	whereas	pre-DCs	(CD8+	and	
CD4+)	 require	 zbtb46	 8,9.	 Pre-DCs	 can	 be	 further	 differentiated	 into	 Basic	 Leucine	
Zipper	ATF-Like	Transcription	Factor	3	(BATF3)/	Interferon	regulatory	factor	8	(IRF8)-
dependent	DCs	and	Interferon	regulatory	factor	4	(IRF4)-dependent	DCs	10.		
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Figure	1:	Ontogeny	of	DCs	and	monocytes	
A	 scheme	 showing	 myeloid	 lineage	 development	 from	 the	 CMP,	 indicating	 transcription	
factors	required	for	particular	transitions	between	stages.	Although	unresolved,	we	show	a	
scheme	with	GMP	and	MDP	divergence	from	the	CMP.	Commitment	to	Irf8	and	Irf4	branch-
es	of	cDCs	can	occur	in	the	bone	marrow	10.	
	
	
The	development,	and	also	the	maintenance,	of	preDCs	and	pDCs	in	non	lymph	node	
(NLN)	 tissue	 and	 lymph	 nodes	 (LN)	 is	 dependent	 on	 the	 protein	 FLT3	 11,12.	
Consequently,	 FLT3	 receptor-	 and	 FLT3	 ligand-deficient	mice	 show	a	 strong	 reduc-
tion	of	all	DC	subsets.		
In	the	following	chapter,	 I	will	discuss	the	function	of	preDCs	and	macrophages	fo-
cusing	 on	 the	 gastrointestinal	 tract	 in	 general,	 as	 nothing	 yet	 is	 known	 about	 the	
gastric	lamina	propria	(LP),	the	sight	of	H.	pylori	colonization.	From	previous	studies	
in	 our	 lab	we	 know	 that	 especially	DCs	 are	 essential	 in	 regulating	 the	 immune	 re-
sponse	against	H.	pylori,	which	will	be	introduced	later.	The	topic	of	this	work	will	be	
to	study	the	gastric	LP	and	the	role	of	DCs	and	macrophages	in	more	detail.	
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1.2	Dendritic	cells		
1.2.1	The	role	of	dendritic	cells	in	adaptive	immunity	
Dendritic	cells	represent	the	link	between	the	innate	and	the	adaptive	immune	sys-
tem.	They	are	the	sentinels	detecting,	taking	up	and	sampling	foreign	antigens	and	
microorganisms.	 DCs	 are	 thought	 to	 direct	 and	 regulate	 local	 innate	 immune	 re-
sponses,	 as	well	 as	 determine	 the	 balance	 between	 tolerogenic	 and	 inflammatory	
adaptive	responses	13.	Particularly	at	mucosal	sites,	DCs	are	constantly	active	to	bal-
ance	the	immune	response	and	establish	homeostasis	by	 inducing	peripheral	toler-
ance.	Upon	pathogen	 recognition,	DCs	undergo	a	program	of	maturation.	They	 re-
duce	their	phagocytotic	activity	and	downregulate	toll	like	receptor	(TLR)	expression	
at	the	surface.	Instead,	they	gain	T	cell	stimulatory	capacity	by	upregulating	MHCII/I	
and	the	co-stimulatory	factors	CD80,	CD86,	and	CD40.	Activated	DCs	further	upregu-
late	CCR7,	which	guides	them	to	the	draining	lymph	nodes	14,15.	In	the	lymph	nodes,	
DCs	activate	and	differentiate	naive	T	cells	towards	a	T	helper	cell	(TH)	1,	TH2,	TH17	or	
a	regulatory	T	cell	(Treg)	phenotype,	depending	on	the	cytokines	they	secrete	(Figure	
2).	IL-12	is	the	main	inducer	of	TH1	immune	responses	and	is	produced	by	DCs	acti-
vated	by	intracellular	pathogens.	A	TH2	response	is	induced	by	IL-4	upon	detection	of	
allergens	16.	Both	T	helper	cell	types	suppress	TH17	responses.	TH17	cells	are	activat-
ed	by	 IL-23	and	 IL-6,	which	 in	turn	 inhibits	 the	regulatory	 immune	response	17.	Be-
side	this,	TH9	and	follicular	T	helper	(TfH)	cells	were	more	recently	described	subsets.	
TH9	cells	are	known	to	secrete	 IL-9	upon	IL-2	and	TGFβ	secretion	of	DCs	and	might	
favor	pulmonary	inflammation	in	asthmatic	mice,	however	this	needs	to	be	further	
studied	18.	DCs	can	also	induce	memory	B	cell	activation	via	the	secretion	of	IL-6	and	
by	this	favor	the	development	of	TfH	cells.	In	addition,	DC	can	also	induce	a	tolero-
genic	immune	response	that	counteracts	the	other	TH	cell	responses	19,20.	Such	toler-
ogenic	 DCs	 do	 not	 mature	 completely	 but	 reside	 in	 a	 semi-mature	 state	
characterized	by	 low	surface	 levels	of	MHC	class	 II	and	costimulatory	molecules	 21.	
This	leads	to	a	differentiation	of	Treg,	which	release	anti-inflammatory	cytokines	such	
as	 IL-10	 and	 TGF-β1	 and	 thereby	maintain	 peripheral	 tolerance.	 Furthermore,	DCs	
are	 able	 to	 respond	 to	 virus	 infections	 by	 cross-presenting	 antigens	 via	MHCI	 and	
thereby	inducing	CD8+	cytotoxic	T	cells	22.	All	this	underlines	that	DCs	are	a	very	het-
erogeneous	 leukocyte	 population	 23.	 In	 the	 next	 chapter,	 the	 role	 of	 different	 DC	
subsets	in	tissue	homeostasis	and	inflammation	will	be	discussed. 
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Figure	 2:	 T	 helper	 cell	 differentiation	 depends	 on	 the	 cytokine	 stimuli	 the	 naive	 cell	 re-
ceives	from	activated	DCs		
CD4+T	cells	show	remarkable	plasticity	and	are	able	to	differentiate	into	many	different	sub-
sets	based	on	the	soluble	molecules	secreted	during	priming	of	the	subsets	by	antigen	pre-
senting	cells	(APC),	e.g.,	IL-12	for	TH1	cells.	The	different	subsets	can	be	distinguished	by	the	
transcription	factors	that	regulate	and	maintain	their	lineage-specific	effector	functions,	e.g.	
T-bet	for	TH1	cells.	The	molecules	secreted	by	these	subsets,	e.g.	IFN-γ	for	TH1	cells,	are	fine-
ly	tuned	to	control	the	pathogen	that	mediated	the	release	of	the	specific	molecules	by	the	
APC	during	activation	of	theTH0	cells	into	the	various	subsets	24.	
	
1.2.2	Classification	of	dendritic	cells	
Classical	 DCs	 can	 be	 divided	 into	 two	 lineages	 depending	 on	 the	 lineage-defining	
transcription	factors	25.	 In	non-lymphoid	tissues	the	 first	branch	of	 IRF8-dependent	
DC	subsets	expresses	CD103+	 and	 the	second	 IRF4-dependent	DC	subset	expresses	
CD11b+.	Both	have	resident	counterparts	in	the	lymph	nodes:	IRF8-dependent	CD8a+	
DCs	and	 IRF4-dependent	CD11b+	DCs.	 In	addition,	 lymph	nodes	comprise	migratory	
CD103+	 and	 CD11b+	 DCs,	 which	 originate	 from	 the	 drained	 tissue	 11.	 The	 two	
branches	 can	be	distinguished	by	mutually	 exclusive	expression	of	CXCR1	on	 IRF8+	
cDCs	and	the	expression	of	signal	regulatory	protein	α	(SIRPa)	on	IRF4+	cDCs,	which	is	
independent	of	their	activation	stage	(Figure	3)	26,27.		
IRF8-dependent	DCs	 require	 the	 transcription	 factors	 IRF8	 and	BATF3	 10.	 In	 steady	
state,	BATF3	 supports	 IRF8	expression	and	 thereby	 stabilizes	 the	DC	population	 28.	
Irf4-dependent	DC	development	is	dependent	on	RelB	and	GM-CSF	and	their	survival	
and	differentiation	depend	on	IRF4.	IRF4-dependent	CD11b+	DCs	are	restricted	to	the	
lung,	intestine,	and	spleen,	and	only	the	NLT	DCs	require	IRF4	for	survival.	In	organs	
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such	 as	 dermis,	 kidney	 or	 liver,	 IFR4-dependent	 DCs	 could	 not	 be	 detected.	 This	
leads	to	the	hypothesis	of	a	mucosal	CD11b+	DC	population	29.	Murphy	et	al.	go	even	
further	 to	 suggest	 that	 IRF4	 is	 only	 required	 for	 some	minor	 function	 and	 not	 DC	
maintenance	as	 IRF4-/-	mice	do	not	 lack	CD11b+CD103+	DCs	23.	 IRF4-dependent	DCs	
are	subdivided	into	two	populations	characterized	by	the	expression	of	either	Neu-
rogenic	locus	notch	homolog	protein	2	(Notch2)	or	Kruppel-like	factor	4	(Klf4),	which	
exert	different	functions	as	discussed	later	30.		
In	the	intestinal	mucosa,	DCs	are	distributed	diffusely	throughout	the	intestinal	lam-
ina	 propria	 as	 well	 as	 gut-associated	 lymphoid	 tissue	 and	 Peyer`s	 patches.	 Until	
recently,	 the	 intestine	 was	 considered	 unique	 as	 it	 harbors	 an	 IRF4-dependent	
CD11b+CD103+	population.	Only	recently	this	population	was	also	found	in	the	nasal	
mucosa	 during	 homeostasis,	 however	 not	much	 is	 known	 about	 it	 yet	 31.	 Besides	
this,	 the	 intestine	 harbors	 a	 not	 well	 described	 CD103-CD11b+CX3CR1dim	 DC	
population.	As	 I	will	 focus	 in	 this	 thesis	on	the	CD11b+	DC	subset,	 I	will	 summarize	
shortly	the	latest	knowledge	gained	of	this	DC	population	in	the	intestine.	
	
	
	
	
	
	
	
	
	
	
Figure	3:	Dendritic	cell	subsets	in	the	mouse	intestinal	lamina	propria	32	
	
	
Intestinal	CD11b+CD103-	DCs	
Originally,	 CD11b+CD103-	 DCs	 were	 classified	 as	 inflammatory	 DCs	 of	 monocyte	
origin.	With	the	help	of	more	defined	markers,	Scott	et	al.	were	now	able	to	identify	
CD11b+CX3CR1dim	MNP	as	a	mix	of	85%	macrophages	(CD64+,	F4/80+)	and	15%	being	
bona	fide	DCs.	The	DC	fraction	is	similar	to	bona	fide	DCs	as	they	are	FLT3-dependent	
and	express	CCR7	and	Zbtb46.	They	differ	from	CD11b+	macrophages	in	their	pheno-
type	and	gene	expression.	This	DC	population	can	be	further	divided	into	two	popu-
lations	depending	on	their	ability	to	express	CCR2.	Around	80	%	are	CCR2	negative	
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and	the	smaller	population	expresses	CCR2.	In	addition,	Scott	et	al.	found	functional	
differences	between	these	populations,	which	will	be	discussed	later.	As	the	expres-
sion	of	CD103+CD11b+	DCs	 is	 special	 for	 the	 intestine;	Scott	et	al.	hypothesize	 that	
the	 CCR2+	 DCs,	 which	 also	 express	 IRF4,	 represent	 an	 intermediate	 state	 of	
CD103+CD11b+	DCs,	losing	CCR2	and	increase	CD103	expression	upon	environmental	
triggers	33.		
	
1.2.3	Division	of	labor	of	DCs	subsets		
DC	subsets	mediate	homeostasis	
Dendritic	cells	are	able	to	mediate	oral	and	peripheral	tolerance	by	the	induction	of	
Treg	cells	34.	In	this	regard,	both	CD103+	DC	subsets	are	able	to	induce	Treg	cells	via	a	
mechanism	 tightly	 linked	 to	 retinoic	 acid	 (RA)	 and	 TGF-β1	 induction	 35.	
CD103+CD11b-	DCs	 express	 higher	 amounts	 of	 RALDH2	 compare	 to	 CD103+CD11b+	
DCs,	which	converts	retinol	 into	retinoic	acid	(RA).	RA	 itself	 induces	 IL-10	secretion	
and	 the	 expression	of	 the	 gut-homing	 receptors	 CCR9	 and α4β7	on	naive	 T	 and	B	
cells	 in	 the	 intestine	 36,37.	 In	 the	 lung,	 the	maintenance	of	 tolerance	 is	essential	 to	
protect	from	allergic	diseases,	such	as	asthma	38.	In	addition,	RA	negatively	regulates	
TH17	cells	by	directly	reducing	RAR-related	orphan	receptor	gamma	(RoRγT)	expres-
sion	and	is	itself	regulated	by	prostaglandin	E2	(PGE2)	39,40.	In	the	lung,	it	was	shown	
that	 CD103+	DCs	 control	 TH17	 differentiation	 via	 IL-2	 and	 IL-23	 secretion	 41.	 Two	
additional	 tolerogenic	 mediators	 in	 CD103+	DCs	 are	 β-catenin	 and	 Indolamin-2,3-
Dioxygenase	(IDO),	which	favor	Treg	induction	in	the	lung	and	intestine.	IDO	catalyzes	
the	metabolism	of	tryptophan	to	kynurenine,	leading	to	the	starvation	of	effector	T	
cells	(Teff)	and	also	to	cell	cycle	arrest	42,43.	The	β-catenin	pathway	will	be	discussed	
later	in	more	detail.	However,	the	idea	that	CD103+	DCs	are	the	main	cell	type	regu-
lating	Treg	responses	is	questioned,	as	also	CD11b+	DCs	are	able	to	induce	α4β7	and	
CCR9	on	Treg	cells.	This	suggests	that	DC	subsets	have	a	redundant	role	in	establishing	
tolerance	at	least	in	the	intestine	32,44.	CD103+	DCs	with	the	greatest	tolerogenic	po-
tential	also	have	the	highest	expression	of	IL-12p40,	IL-15	and	TLR9	and	are	essential	
regulators	of	TH1	responses.	It	becomes	clear	that	depending	on	the	type	of	stimulus	
and	the	antigen	load,	DC	subsets	are	additionally	able	to	exert	inflammatory	immune	
responses.	This	highlights	the	plasticity	and	pleiotropic	function	of	DCs	in	regulating	
immune	responses.	
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DC	subsets	regulate	immunity		
Beside	their	tolerogenic	role,	IRF8+	DCs	are	specialized	in	cross-presentation	and	the	
defense	against	intracellular	pathogens,	whereas	IRF4+	cDCs	regulate	TH17	responses	
to	extracellular	pathogens	and	TH2	responses	to	allergens	and	parasites	(Figure	4)	45.	
IRF8-dependent	 CD8a+	DCs	 and	 CD103+	DCs	 share	 common	 functions	 in	 regulating	
TH1	responses.	They	are	specialized	in	cross-presentation	and	the	activation	of	CD8+	
effector	T	cell	to	cytotoxic	T	cells	(Figure	4)	45.	This	ability	depends	on	the	XCR1	ex-
pression	 limited	 to	 BATF3-dependent	DCs,	 the	 ligand	 of	which	 is	 expressed	 by	 Teff	
cells	 46.	 As	 mentioned	 before,	 IRF8+	DCs	 represent	 an	 obligate	 source	 of	 IL-12	 to	
mount	protective	type	I	immunity.	They	are	potent	IL-12	producers	during	Leishma-
nia	major	infection,	driving	a	TH1	response	in	skin-draining	lymph	nodes	47	and	dur-
ing	the	parasitic	infection	with	Toxoplasma	gondii	48.	During	colitis,	CD103+	DCs	can	
favor	an	inflammatory	T	cell	response	by	increasing	IFN-γ	expression.	This	might	be	
caused	 by	 an	 increase	 in	 inflammatory	 cytokines	 in	 the	 intestine	 or	 the	 direct	 re-
cruitment	of	DCs	 from	the	blood	and	their	evasion	of	 tolerogenic	gut	priming	 39,49.	
Whereas	IRF8+	DCs	induce	TH1	cells	upon	intracellular	detection	and	cytotoxic	T	cells	
upon	virus	infection,	IRF4+	DCs	are	known	to	promote	TH2	immunity	to	allergens	as	
well	as	the	TH17	response	to	an	extracellular	pathogen	(Figure	4)	29,32,50.	IRF4	expres-
sion	is	necessary	for	both	types	of	responses.	Notch2	expression	is	essential	for	TH17	
responses	 whereas	 KLF4	 expression	 is	 important	 mainly	 for	 the	 TH2	 immune	 re-
sponse	30,51.	Schlitzer	et	al.	 identified	IRF4+	DCs	in	lung	and	colon	to	be	essential	to	
build	 up	 a	 TH17	 cell	 response	 during	 an	 Aspergillus	 fumigates	 infection	 29.	
Notch2+CD11b+	DCs	differentiate	naive	T	cells	into	TH17	cells	through	the	secretion	of	
IL-23,	IL-6,	and	TGF-β	52,53.	In	vitro,	IL-6	secretion	is	induced	mostly	by	TLR2,	5	and	9	
activation.	 This	 argues	 that	 additional	 inflammatory	 signals	might	 be	 necessary	 to	
induce	TH17	differentiation.	However,	the	full	mechanisms	remain	unclear	52.	In	ad-
dition	Scott	 et	 al.	 found	 in	 the	 intestine	 that	 the	before	mentioned	CCR2+	 CD11b+	
DCs	are	even	better	TH17	producer	compared	to	CD103+IRF4+	DCs	33.	KLF4+	cells	were	
shown	to	be	essential	for	a	proper	TH2	response	during	Schistosoma	mansoni	infec-
tion	and	house	dust	mite	(HDM)	challenge,	without	affecting	other	Teff	cell	responses	
51.	CD103+	DCs	are	known	to	also	regulate	TH2	responses	in	allergic	asthma,	indicat-
ing	 that	 specific	 functions	are	not	 limited	 to	one	DC	 subset	 38,50,54.	 It	 rather	 shows	
that	 the	DC	subsets	have	a	specific	 function	but	also	 fulfill	overlapping	roles	 in	 im-
mune	regulation.	These	overlapping	properties	might	go	along	with	similar	transcrip-
tion	factors	of	these	cell	types	and	highlight	the	plasticity	of	dendritic	cells	55.	
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Figure	4:	The	various	DC	subsets	serve	distinct	immune	responses	
Transcription	 factor	 dependencies	 identify	 four	 subsets	 of	 DC	whose	 actions	 are	 directed	
primarily	 toward	 distinct	 immune	 effector	 modules.	 Irf8+	 DCs	 comprise	 plasmacytoid	 DC	
(pDC)	and	one	branch	of	classical	DC	(cDC).	Irf4+	DCs	are	heterogeneous	by	surface	markers	
but	display	at	 least	two	transcriptional	programs	directed	at	different	types	of	 immune	re-
sponses	10.	
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1.3	Macrophages	
1.3.1	Macrophage	ontogeny	
The	second	cell	 type	that	was	classified	as	part	of	the	mononuclear	phagocyte	sys-
tem	are	macrophages,	which	were	thought	to	originate	from	bone	marrow	derived	
blood	monocytes.	Nowadays,	we	know	 from	 fate-mapping	experiments,	 that	most	
tissue	macrophages	develop	prenatally	 from	yolk	sac	or	 fetal	 liver	macrophages	56.	
These	 cells	 are	 characterized	by	 long-term	persistence	with	 self-renewing	 capacity	
and	are	 therefore	 independent	of	bone	marrow	hematopoiesis.	Organs,	which	are	
exposed	to	microorganisms	and	thereby	show	inflammatory	conditions,	 like	the	 in-
testine	 and	 skin,	 are	 an	 exception	 to	 this	 rule.	 At	 the	 time	 of	weaning	 fetal	 liver-
derived	 macrophages	 are	 replaced	 out	 by	 bone	 marrow-derived	 Ly6hi	monocytes,	
mainly	driven	by	the	increased	microbiota	and	commensal	bacterial	colonization	of	
these	organs	 57.	 This	 replenishment	 is	CCR2	dependent.	This	observation	 is	 further	
supported	by	the	fact	that	macrophages	are	not	completely	absent	in	mice	deficient	
for	the	receptor	or	ligand	of	CCR2	but	strongly	reduced.	In	addition	intestinal	mono-
cytes	cannot	divide	in	situ	in	general	58,59.	These	macrophages	show	a	unique	short	
half-life	of	3	weeks	60.	Therefore,	monocytes	have	emerged	as	a	third,	highly	plastic	
and	dynamic	cellular	system	that	can	complement	the	classical	tissue-resident	mon-
onuclear	phagocyte	compartment	on	demand	61.	They	are	divided	into	two	subsets,	
the	blood	circulating	Ly6Chi	and	the	patrolling	Ly6Clo	monocytes	62.	Beside	this	it	was	
recently	shown,	that	Ly6Chi	monocytes	can	persist	in	the	steady	state	and	might	con-
tribute	to	an	antigen	transport	to	lymph	nodes	63,64.	In	the	intestine,	maturing	Ly6Chi	
monocytes	 differentiate	 further	 into	 macrophages	 in	 a	 process	 termed	monocyte	
waterfall	 (Figure	 5,	 left	 side).	 Maturing	 Ly6Chi	monocytes	 gradually	 lose	 Ly6C	 and	
CCR2	expression	and	acquire	MHCII	and	CX3CR1	expression	via	several	intermediate	
steps.	This	process	takes	about	a	week	62,64.	
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Figure	5:	The	development	of	Ly6Chi	monocytes	into	mature	CX3CR1hi	macrophages	
Under	 steady	 state	 conditions,	 Ly6Chi	 blood	 monocytes	 constitutively	 enter	 the	 intestinal	
mucosa.	 They	 differentiate	 into	mature	 CX3CR1hi	 F4/80+	macrophages	 through	 a	 series	 of	
short-lived	CX3CR1int	 intermediaries.	These	CX3CR1hi	macrophages	migrate	to	the	epithelial	
barrier	and	contribute	to	its	integrity.	First,	they	secrete	PGE2,	which	favours	proliferation	of	
epithelial	progenitors.	Second,	they	have	a	high	phagocytic	capacity	to	capture	and	destroy	
invading	 commensals	 or	 pathogens	 and	 eliminate	 apoptotic	 cells.	 Third,	 they	 might	 also	
directly	sample	the	 luminal	contents	by	extending	their	dendrites	between	the	cells	of	 the	
intestinal	epithelial	barrier.	CX3CR1hi	macrophages	also	produce	interleukin-10	(IL-10),	con-
stitutively	supporting	Treg	differentiation,	and	may	also	prime	newly	arrived	monocytes.	Dur-
ing	inflammation	or	infection,	Ly6Chi	monocytes	and	their	CX3CR1int	derivatives	accumulate	
in	 large	 numbers.	 They	 produce	 pro-inflammatory	 cytokines,	 which	 may	 support	 the	
maintenance	of	other	effector	cells	such	as	IFNγ-producing	T	cells.	In	addition,	they	secrete	
inflammatory	 chemokines,	 which	 lead	 to	 the	 recruitment	 of	 innate	 effector	 cells.	 During	
inflammation,	 CX3CR1hi	 macrophages	 retain	 their	 anti-inflammatory	 signature,	 e.g.	 IL-10	
production	65.		
	
1.3.2	Homeostatic	function	of	CX3CR1hi	macrophages	in	the	intestine	
Intestinal	macrophages	 are	 characterized	by	 high	 expression	of	 the	 chemokine	 re-
ceptor	 CX3CR1	 and	 low	 CCR2	 expression	 59.	 They	 are	 the	 regulators	 of	 intestinal	
anergy	and	maintain	the	symbiotic	relationship	between	the	host	and	microbes.	 In	
steady	state	CX3CR1hi	macrophages	secrete	 IL-10	and	have	a	 reduced	susceptibility	
towards	TLR	ligands	66-68.	IL-10	secretion	induces	Treg	cells	and	indirectly	inhibits	Teff	
cells	 favoring	homeostatic	 conditions	 69.	 In	addition,	macrophages	are	phagocyting	
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microbial	and	dead	cells,	without	provoking	tissue	damage	69.	Beside	this,	CX3CR1hi	
macrophages	 suppress	 TH17	 responses	 in	 the	 intestine	 by	 inhibiting	 the	 TH17	 pro-
moting	 function	of	CD103+CD11b+	DCs.	Thereby	CX3CR1hi	macrophages	are	able	 to	
initiate	a	tolerance	towards	commensal	microbiota	and	maintain	homeostasis.	This	
ability	of	CX3CR1hi	cells	exists	even	during	inflammation.	However,	in	these	circum-
stances,	 incoming	 monocytes	 do	 not	 develop	 further	 but	 rather	 arrest	 in	 a	
Ly6ChiCX3CR1dim	monocyte	 pro-inflammatory	 phenotype,	 secreting	 TNFα,	 IL-6,	 and	
IL-12	(Figure	5,	right	sight)	66.			
Further	studies	have	revealed,	that	bacterial	sensing	is	essential	for	macrophages	to	
build	up	anergy.	Experiments	using	microbiota	depletion	or	myeloid	differentiation	
primary-response	 protein	 88-deficient	 (MyD88-/-)	 mice	 have	 shown	 a	 CCR7-
dependent	migration	of	 CX3CR1hi	macrophages	 towards	 the	MLNs.	Along	with	 this	
line,	MyD88-/-	mice	 in	which	 bacterial	 sensing	 is	 diminished,	 have	 a	 reduced	 IL-10	
expression	 in	 macrophages.	 Consequently,	 the	 interplay	 between	 microbiota	 and	
CX3CR1hi	macrophages	is	essential	to	keep	up	anergy	70.	
	
1.3.3	The	interplay	of	intestinal	mononuclear	phagocytes	
The	intestinal	mucosa	contains	a	diverse	number	of	immune	cells,	acting	together	in	
a	tight	network	(Figure	6).	CX3CR1hi	macrophages	phagocyte	antigens	via	their	tran-
sepithelial	dendrites	from	the	intestinal	 lumen	71.	However,	this	pathway	is	not	the	
only	way	of	antigen	uptake,	 indicated	in	CX3CR1-dificient	mice,	which	show	a	com-
parable	 load	of	soluble	antigens	compared	to	CX3CR1-expressing	mice	72.	CX3CR1hi	
macrophages	 further	 transfer	 antigen	 via	 a	 Connexin43-dependent	 direct	 cell-cell	
gap	 junction	mechanism	to	CD103+CD11b+	DCs	73.	These	DCs	are	able	to	migrate	 in	
steady	 state	 and	 inflammation	 to	 the	 MLN	 in	 a	 CCR7-dependent	 manner.	 Even	
though	the	Treg	priming	occurs	mainly	in	the	MLN,	CX3CR1hi	macrophages,	as	well	as	
CD11b+C103+	DC,	 retain	 the	 capacity	 to	promote	Treg	 cell	 generation	 in	 the	 lamina	
propria	 74,75.	DC	primed	T	cells	upregulate	α4β7	and	migrate	back	 to	 the	 intestine.	
The	 T	 cell	 response	 depends	 thereby	 on	 the	 antigen,	 detected	 by	 the	 pathogen	
recognition	receptor	(PRR),	as	described	in	the	next	chapter	44.	
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2	INNATE	IMMUNE	RECOGNITION		
2.1	Pattern	recognition	receptors	
The	main	task	of	the	immune	system	is	to	distinguish	between	commensal	bacteria	
and	potentially	harmful	pathogens	to	induce	homeostasis	or	immunity,	respectively.	
One	of	the	main	players	in	this	challenge	are	the	dendritic	cells.	The	discovery	of	toll	
like	 receptors	 (TLR)	 in	 human	 in	 1997,	 showed	 that	 the	 innate	 immune	 system	 is	
specific	 and	 detects	 conserved	 structures	 of	 the	 pathogen,	 so-called	 pathogen-
associated	 molecular	 pattern	 (PAMPs)	 76.	 Pattern	 recognition	 receptors	 (PRR)	 are	
expressed	on	mononuclear	phagocytes,	T	cells,	and	epithelial	cells.	They	can	be	di-
vided	 into	 transmembrane	 Toll	 like	 receptors,	 cytosolic	 Nod-like	 receptor,	 retinoic	
acid	inducible	gene	I	(RIG-I)	 like	receptors	and	c-type	lectin	receptors.	They	are	the	
first	line	of	defense	and	essential	for	the	induction	of	adaptive	immunity.	
	
2.1.2	TLR	receptors	
Studies	using	TLR	knockout	mice	have	shown	that	each	TLR	has	a	specific	function	in	
PAMP	recognition	77.	TLR	1,	2,	4,	5,	6	and	11	are	expressed	on	the	cell	surface,	de-
tecting	mostly	microbial	antigens,	whereas	TLR	3,	7,	8	and	9	are	expressed	on	intra-
cellular	vesicles	and	detect	microbial	nucleic	acids.	TLR2	forms	heterodimers	either	
with	TLR1	or	TLR6,	sensing	lipopeptides	78,79.	TLR4	binds	to	lipopolysaccharide	(LPS)	
and	TLR5	 to	 flagellin.	Upon	 ligand	binding	 individual	 TLRs	 recruit	different	adaptor	
molecules	 and	 thereby	 trigger	 different	 immune	 responses.	 The	 adaptor	molecule	
MyD88	 is	 universally	 involved	 except	 in	 TLR3	 signaling	 and	 activates	 NF-κB	 and	
MAPK	 to	 induce	 inflammatory	 cytokines.	 TLR2	 and	 TLR4	 use	 additional	 MyD88-
adaptor-like	proteins	(MAL)	to	activate	target	genes	(Figure	7)	80.		
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Figure	7:	Structure	and	main	signaling	pathways	of	the	PRR	families	
The	graph	shows	a	selection	of	the	multiple	adaptor	molecules	and	signaling	pathways	that	
are	activated	by	the	different	pattern	recognition	receptors	(PRR).	TLRS	3,7-8,	9	and	13	are	
located	to	the	endosome,	where	they	sense	host	and	microbial-derived	nucleoid	acids.	The	
others	are	located	at	the	membrane	and	TLR4	is	localized	at	both	positions.	Activation	of	TLR	
signaling	pathway	is	induced	by	a	ligand	derived	dimerization	of	receptors.	This	followed	by	
binding	 of	 the	 TIR	 domain	 to	 either	 myeloid	 differentiation	 primary-response	 protein	 88	
(MyD88)	 or	 TIR	 domain-containing	 adaptor	 protein	 inducing	 TFNβ	 (TRIF)	 and	 TRIF-related	
adaptor	molecule	 (TRAM))	 (TLR3	and	TLR4).	 TLR4	 is	 able	 to	migrate	 to	 the	endosome	and	
signal	 via	 TRIF.	 This	 favors	 several	downstream	 targets.	 These	 include	 the	 interactions	be-
tween	IL-1R-associated	kinases	(IRAKs)	and	the	adaptor	molecules	TNF	receptor-associated	
factors	 (TRAFs),	 which	 lead	 to	 the	 activation	 of	 the	 mitogen-activated	 protein	 kinases	
(MAPKs)	JUN	N-terminal	kinase	(JNK).	It	also	activates	several	transcription	factors	including	
nuclear	factor-κB	(NF-κB)	and	the	interferon-regulatory	factors	(IRFs),	A	major	consequence	
of	TLR	signalling	is	the	induction	of	pro-inflammatory	cytokines,	and	in	the	case	of	the	endo-
somal	TLRs,	the	induction	of	type	I	interferon	(IFN)	81.	
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2.1.2	NLR	receptors	
The	 second	 family	of	PRRs	are	 cytosolic	proteins,	named	Nod-like	 receptors	 (NLR).	
After	 ligand	binding,	most	NLR	assembles	 in	an	oligomeric	structure	82.	NLR	can	be	
divided	into	the	NLRP	and	NLRC	subfamily.	The	most	prominent	member	of	the	NLRP	
family	 is	 NLRP3.	 This	 receptor	 needs	 a	 first	 priming	 signal	 -	 the	 NF-κB-dependent	
transcription	of	NLRP3.	In	the	second	step,	NLRP3	forms	an	oligomer	and	assembles	
with	a	homodimer	of	caspase-1	and	the	adaptor	protein	apoptosis-associated	speck-
like	protein	containing	c-Terminal	CARD	(ASC)	to	form	the	inflammasome.	Activated	
caspase-1	induces	the	maturation	and	secretion	of	active	IL-1β,	IL-18,	and	IL-33	83,84.	
NLRP3	assembly	can	be	caused	by	many	signals	including	PAMPS	of	viral	RNA	or	bac-
terial	antigens.	However,	the	ligand	leading	to	the	assembly	 is	still	under	 investiga-
tion.	TLR2	activation	has	been	 linked	to	NLRP3	and	 IL-1β	activation	 in	Helicobacter	
pylori	(H.	pylori)-infected	BMDCs	85.	
Although	 TLR	 signaling	 was	 thought	 to	 induce	 mainly	 immunity,	 TLR2	 signaling	 is	
specifically	as	it	also	activates	an	anti-inflammatory	phenotype	86.	Zymosan,	a	fungal	
cell	wall	 ligand,	which	signals	 through	Dectin-1	and	the	TLR2&6	dimer,	 induces	the	
expression	of	IL-10	and	RALDH	via	the	extracellular	signal-related	kinase	(ERK)	path-
way	 87,88.	 This	 induces	 SOCS3,	which	 inhibits	 p38MAPK	 and	 proinflammatory	 cyto-
kines.	 A	 comparable	 ERK-dependent	 suppression	 of	 IL-12	was	 observed	with	 TLR2	
activation	 by	 Lactobacillus	 16,89.	 Moreover,	 further	 studies	 suggest	 that	 TLR2	
signaling	 induces	β-catenin	and	 its	 target	genes	 favoring	a	 tolerogenic	 immune	 re-
sponse,	 and	 thereby	 counteracting	 for	 instance	 autoimmune	 diseases	 as	 central	
nervous	system	(CNS)	pathology	in	the	experimental	autoimmune	encephalomyelitis	
(EAE)	mouse	model	90.	
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	2.2	The	role	of	β-catenin	signaling	in	tolerance	and	immunity	
In	recent	years	several	studies	have	revealed	a	critical	function	of	β-catenin	signaling	
in	 regulating	 DC	 immune	 response	 in	 various	 pathological	 conditions.	 β-catenin	
signaling	is	an	evolutionary	conserved	and	important	pathway	for	several	biological	
processes	such	as	embryogenesis,	cell	growth,	survival,	and	oogenesis.	Aberration	in	
these	pathways	can	cause	autoimmune	diseases	and	favor	cancer	91,92.		
The	classical	ligand	of	the	β-catenin	pathway	is	Wnt,	a	secreted	lipid-modified	glyco-
protein	 (Figure	8).	Wnt	binds	 to	 the	 seven-pass	 transmembrane	Frizzled	 family	 re-
ceptors	 (Fzd).	 This	 binding	 can	 activate	 the	 canonical	 and	 also	 the	 β-catenin	
independent	non-canonical	pathway.	Here,	I	will	focus	on	the	canonical	pathway.	
In	the	absence	of	Fzd	ligands,	β-catenin	is	removed	by	the	destruction	complex.	This	
consists	 of	 Axin	 and	 adenomatous	 polyposis	 coli	 (APC),	 scaffolding	 proteins	 and	 a	
Ser/Thr	 kinase,	 caseinkinase1a	 (CK1a)	 as	 well	 as	 glycogen	 synthase	 kinase	 3β	
(GSK3β)	(Figure	8)	93.	GSKβ	phosphorylates	β-catenin	and	thereby	marks	it	for	ubiq-
uitination	and	proteasomal	degradation	by	β-Trcp	and	WTX	proteins	94.	In	contrast,	
ligand	binding	 increases	 the	β-catenin	 level	 in	 the	cytoplasm.	 It	 recruits	 two	cofac-
tors	 LRP5/LRP6	 to	Wnt/Fzd.	 This	 complex	attracts	disheveled	 (DVL)	which	binds	at	
the	cytoplasmic	tail	of	the	receptor.	DVL	is	able	to	recruit	the	destruction	complex	to	
the	Fzd/Wnt/LRP5/6	complex	95.	Caused	by	the	changed	location,	GSK3β	now	phos-
phorylates	the	co-receptor	instead	of β-catenin.	In	addition,	Axin	is	ubiquitinated	by	
tankyrases	(TNKS)	in	the	cytosol	and	degraded.	The	destruction	complex	is	destroyed	
and	β-catenin	is	able	to	accumulate	and	to	migrate	into	the	nucleus	(Figure	8).	In	the	
nucleus,	β-catenin	dislocates	Groucho,	which	was	binding	to	the	transcription	factors	
T	 cell	 factor	 and	 lymphoid	 enhancer	 factor	 (TCF/LEF)	 and	 induces	β-catenin	 target	
gene	expression	(rev.	96).			
	
Introduction	
	 21	
	
Figure	8:	A	canonical	Wnt/β-catenin	signaling	pathway	
In	the	absence	of	Wnt	ligands,	β-catenin	levels	are	reduced	by	the	following	mechanism.	A	
destruction	complex	consisting	of	the	APC	and	AXIN,	Ser/Thr	kinases	CK1α	and	GSK3β,	inter-
acts	 with	 β-catenin	 to	 induce	 its	 phospho-inactivation.	 Phospho-β-catenin	 is	 promoted	 to	
ubiquitination	and	proteasomal	degradation	by	β-Trcp	and	WTX	proteins.	In	the	presence	of	
Wnt	 ligands,	 β-catenin	 levels	 in	 the	 cytoplasm	 are	 upregulated	 and	 regulate	 cell	 signaling	
through	 the	 following	 steps.	 First,	Wnts	 bind	 to	 Frizzled	 (Fzd)	 receptors	 and	 interact	with	
adjacent	LRP5/6	co-receptors.	This	complex	recruits	DVL	to	the	cytoplasmic	tail	of	Fzd	recep-
tors,	which	in	turn	recruits	the	destruction	complex	to	the	Fzd/LRP5/6	complex.	The	Ser/Thr	
kinases	such	as	GSK3β	phosphorylate	the	co-receptor	 instead	of	β-catenin.	 Instead,	Axin	 is	
targeted	 for	proteasomal	degradation	which	 supports	disruption	of	 the	β-catenin	destruc-
tion	complex.	The	cytosolic	β-catenin	translocate	to	the	nucleus	which	leads	to	a	dislocation	
of	the	co-repressor	Groucho	on	the	TCF/LEF	transcription	factor	by	β-catenin.	This	 leads	to	
the	 recruitment	 of	 several	 co-activators	 and	 the	 transcription	 of	 target	 genes.	 Beside	 this	
activation	of	β-catenin	signaling	can	be	induced	by	the	disruption	of	epithelial	cadherin	 (E-
cadherin)–E-cadherin	 interactions.	This	breaks	the	association	of	β-catenin	to	the	cytoplas-
mic	 domain	 of	 E-cadherin	 and	 leads	 to	 its	 cytoplasmic	 accumulation.	 Abbreviations:	 APC,	
adenomatous	polyposis	coli;	CK1α,	casein	kinase	1α;	GSK3β,	glycogen	synthase	kinase	3β;	β-
Trcp,	 β-transducin	 repeat-containing	 protein;	 TNKS,	 tankyrase-1;	 LRP5/6,	 low-density	 lipo-
protein	 receptor-related	 protein	 5/6;	 DVL,	 disheveled;	 TCF/LEF,	 T-cell	 factor/lymphoid	 en-
hancer	 factor;	BCL9,	B-cell	CLL/lymphoma	9	protein;	CBP,	CREB-binding	protein;	PYGO,	Py-
gopus	97.	
 
Beside	this,	β-catenin	can	be	activated	by	several	Wnt-independent	 ligands	and	re-
ceptors	in	DCs.	The	disruption	of	E-cadherin	homophilic	interaction	leads	to	the	acti-
vation	of	β-catenin	and	a	tolerogenic	phenotype	98.	As	mentioned	above,	TLR	activa-
tion	 is	 known	 to	 induce	 β-catenin	 signaling.	 β-catenin	 can	 be	 induced	 by	 TLR2	
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signaling	 through	 the	 PI3K/AKT	 pathway.	 Akt	 thereby	 phosphorylates	β-catenin	 at	
Ser552	and	induces	 its	nuclear	translocation.	 In	the	meantime,	AKT	phosphorylates	
GSK3β	 at	 Ser9	and	 inhibits	 its	 function	 to	phosphorylate	β-catenin	and	mark	 it	 for	
degradation	 99.	 Besides	TLR2,	 also	other	pathways	 like	 FAS	and	TGF-β	 can	activate	
β-catenin	in	DCs	100,101.	Some	of	the	β-catenin	target	genes	are	the	anti-inflammatory	
cytokines	IL-10	and	IL-27.	This	shows	that	the	β-catenin	pathway	works	synergistical-
ly	 with	 other	 pathways,	 as	 the	 above	 mentioned	 ERK	 pathway.	 Thereby	 they	
suppress	TH1/TH17	inflammatory	immune	responses	and	favor	a	tolerogenic	DC	phe-
notype	(Figure	9)	(rev.	102).	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	9:	β-catenin	signaling	in	DCs	induces	immune	tolerance	
In	dendritic	cells	β-catenin	is	upregulated	via	several	receptor	interactions,	including	canoni-
cal	Wnt/Fzd	 signaling,	 stimulation	 of	 TLRs	 such	 as	 TLR2	with	 antigen	 and	 subsequent	 ERK	
signaling	and	Fas	 receptor	activation.	Beside	 this	also	 the	disruption	of	E-cadherin	 interac-
tions	with	β-catenin,	or	activation	of	other	pattern-recognition	receptors	can	induce	nuclear	
β-catenin	 translocation.	 This	 intersects	 in	 β-catenin-mediated	 association	 of	 the	 TCF/LEF	
transcription	factor	with	various	co-activators	that	leads	finally	to	the	expression	of	several	
anti-inflammatory	cytokines,	such	as	IL-10	and	IL-27,	which	induce	Tr1	cells	or	CD8+IL-10+	T	
cells.	TGF-β	and	RALDH	1/2	expression	 in	DCs	 induce	Treg	cells.	Accumulation	of	Tregs	 in	the	
tissue	microenvironment	may	result	in	inhibition	of	Th1/Th17	cells	or	CD8+	cytotoxic	T	cells.	
Abbreviations:	Fzd,	Frizzled;	TLR,	Toll-like	 receptor;	ERK,	extracellular	 signal-related	kinase;	
TCF/LEF,	T	cell	 factor/lymphoid	enhancer	factor;	 IL-10,	 interleukin	10;	 IL-27,	 interleukin	27;	
FoxP3,	forkhead	box	P3;	TGFβ,	transforming	growth	factor	β;	RALDH	1/2,	retinaldehyde	de-
hydrogenase	1/2;	Th1/17	cells,	T	helper	1/17	cells	97.	
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TLR2	is	not	the	only	TLR	to	 induce	β-catenin,	also	TLR3,	5	and	9	are	able	to	 induce	
β-catenin	via	Akt	signaling	103.	However,	the	full	mechanisms	and	functions	are	still	
under	investigation.	Mucosal	DCs	are	important	for	regulating	peripheral	tolerance.	
Manicassamy	et	al.	showed	a	constant	expression	of	β-catenin	in	the	intestine	in	DCs	
and	 macrophages,	 which	 was	 absent	 in	 the	 spleen.	 Further,	 they	 showed	 that	
β-catenin	signaling	induces	Treg	cells	and	thereby	suppresses	TH1/17	responses	in	the	
gut.	This	strengthens	the	tolerogenic	role	of	β-catenin	in	the	gut	104.	A	second	study	
revealed	that	MUC2,	secreted	by	goblet	cells,	induces	β-catenin	signaling	via	several	
receptors	as	Dectin-1	or	FcγRIIB,	thereby	mediating	mucosal	tolerance	105.	
This	 highlights	 the	 importance	 of	 β-catenin	 signaling	 for	 homeostasis	 and	 makes	
clear	that	aberrant	β-catenin	signaling	may	have	negative	consequences	for	tissues.	
β-catenin	signaling,	 for	 instance,	protects	from	inflammatory	diseases,	 in	a	dextran	
sodium	sulfate-induced	colitis	model	104.	
This	regulatory	pathway	is	predestined	and	one	example	of	many	to	be	hijacked	and	
activated	by	pathogens	or	by	 cancer	 cells	 to	 consequently	 evade	 the	 immune	 sys-
tem.	 H.	 pylori	 has	 developed	 several	 mechanisms	 to	 evade	 the	 immune	 system	
which	 leads	 to	 its	 persistence	 in	 the	 stomach.	 One	 of	 these	 is	 the	 release	 of	
β-catenin	 from	E-cadherin,	 in	an	H.	pylori	CagA-dependent	manner	106.	 In	addition,	
further	 virulence	 factors	 like	 VacA	 can	 induce	 the	 phosphorylation	 of	 AKT,	 which	
further	 phosphorylates	 GSK3β	 and	marks	 it	 for	 ubiquitin-mediated	 proteolysis	 107.	
Increased	β-catenin	activation	 in	APCs	 is	observed	 in	over	50%	of	adenocarcinoma	
compared	 to	 healthy	 gastric	mucosa.	 This	 indicates	 that	β-catenin	 is	 an	 important	
regulator	in	several	diseases	and	an	attractive	target	for	further	therapies	108.	
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3.	HELICOBACTER	PYLORI		
3.1	Taxonomy	
For	many	years,	the	human	stomach	was	considered	to	be	free	of	bacteria	because	
of	its	acidic	environment.	This	changed	with	the	discovery	of	H.	pylori	in	human	gas-
tric	biopsies	by	Marshall	and	Warren	in	1983	109.	H.	pylori	is	a	spiral	shaped	flagellat-
ed	Gram-negative	bacterium.	It	colonizes	the	human	stomach	since	over	more	than	
60.000	years	110.	Since	then	over	32	other	bacteria	from	the	same	genus	were	isolat-
ed,	not	restricted	to	the	human	stomach.	H.	hepaticus	colonizes	the	liver	and	colon	
of	mice	111.	Besides	these,	other	Helicobacter	spp.	were	isolated	from	the	liver	and	
the	pancreas	-	until	then	considered	to	be	sterile	organs	112.		
	
3.2	Prevalence	and	transmission		
H.	pylori	is	one	of	the	most	prevalent	global	pathogens	and	colonizes	around	50%	of	
the	world	population.	However,	there	are	substantial	geographic	differences	 in	the	
prevalence	of	the	infection,	with	over	50-90%	of	the	infections	found	in	developing	
countries	compared	 to	3-50%	 in	developed	countries	 113,114.	 Suggested	reasons	are	
variation	in	hygienic	standards,	family	size	as	well	as	the	use	of	antibiotic	treatment	
115.	Thereby	the	gastro-oral	transmission	seems	to	be	most	likely	in	reduced	hygienic	
standards	and	pediatric	infections	114,116.	
Infection	 with	H.	 pylori	 is	 mainly	 acquired	 during	 early	 childhood	 and	 can	 persist	
lifelong,	 in	the	absence	of	antimicrobial	treatment	117.	H.	pylori	colonization	causes	
gastric	inflammation,	but	most	infections	stay	asymptomatic.	However,	the	presence	
of	H.	pylori	 is	a	 risk	 factor	 for	developing	peptic	ulcer	disease	 in	10%-,	adenocarci-
noma	in	1-3%-	and	malt	lymphoma	in	0.1%	of	infected	individuals	and	was	therefore	
classified	a	carcinogen	118.	These	findings	of	a	permanent	pathogen	in	the	stomach,	
its	connection	with	chronic	disease	and	cancer	as	well	as	the	clinical	relevance	led	to	
the	 awarding	 of	Marshall	 and	Warren	with	 the	Nobel	 price	 in	 2005.	 Despite	 anti-
biotic	treatment,	gastric	cancer	is	still	the	second	most	common	cause	of	worldwide	
cancer	mortality	119.	Therefore	many	studies	try	to	elucidate	the	virulence	factors	of	
H.	pylori	that	favor	disease	progression.	
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3.3	Virulence	factors	of	Helicobacter	pylori	
3.3.1	VacA	
Vacuolating	 cytotoxin	A	 (VacA)	 is	 an	88kDa	 toxin,	which	 induces	 vacuolization	 and	
mitochondrial	alteration	120	followed	by	impaired	cell	cycle	progression	and	apopto-
sis	121.	VacA	is	either	secreted	into	the	extracellular	space	122	or	persists	at	the	sur-
face	of	H.	 pylori	 123.	Once	 secreted,	VacA	undergoes	proteolytic	 cleavage	 into	 two	
fragments	p33	and	p55	124	125.	P55	is	essential	for	binding	to	the	host	cell,	whereas	
p33	is	necessary	to	form	the	anion-selective	channels	and	insertion	into	the	host	cell.	
These	two	fragments	show	high	levels	of	genetic	variation.	P33	contains	the	s	region	
(s1	or	s2)	and	p55	the	m	region	(m1	or	m2)	126.	Strains	that	contain	the	s1	variant	of	
VacA	 are	 associated	with	 increased	 risk	 to	 develop	 gastric	 cancer	 127.	 In	 addition,	
VacA	m1	strains	are	linked	to	increased	gastric	epithelial	damage	128.	Therefore	the	
s1m1	variation	is	the	most	cytotoxic	VacA	variant	129,130.	
	
3.3.2	Gamma	glutamyl	transpeptidase	
Another	 pathogenic	 factor	 of	 H.	 pylori	 is	 gamma	 glutamyl	 transpeptidase	 (GGT)	
which	is	highly	conserved	and	expressed	in	all	gastric	H.	pylori	species	131.	GGT	can	
be	secreted	or	located	in	the	periplasm.	It	is	important	for	colonization	and	inducing	
apoptosis	in	the	host	cell.	H.	pylori	is	not	able	to	take	up	extracellular	glutamine.	GGT	
converts	glutamine	and	glutathione	 into	glutamate	and	ammonia	respectively.	Cys-
teinylglycine	is	transported	into	the	bacterium	and	feeds	into	the	citric	acid	cycle	for	
glutamine	synthesis.	In	addition,	the	ammonia	produced	by	H.	pylori	can	be	used	as	
a	nitrogen	source,	increasing	the	local	pH	and	thereby	favoring	the	resistance	against	
the	acid	environment	in	the	stomach.	On	the	host	side,	glutamine	supplementation	
causes	 impaired	redox	balance	of	the	host	cell,	 leading	to	a	higher	susceptibility	to	
DNA	 damage	 and	 apoptosis	 132.	H.	 pylori	 lacking	 GGT	 lose	 the	 ability	 to	 colonize,	
probably	caused	by	the	change	in	mentioned	physiological	conditions.	These	chang-
es	also	induce	VacA	to	internalize	in	the	membrane	and	together	favor	toxicity	and	
persistence	of	the	bacterium	133.		
	
3.4	Immune	evasion		
The	host	TH1/17	response	is	necessary	to	control	an	H.	pylori	infection,	however,	it	is	
not	 strong	 enough	 to	 fully	 eliminate	 the	 pathogen.	 These	 conditions	 lead	 to	 the	
above	described	chronic	inflammation	and	pathological	lesions.	But	how	is	the	bac-
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terium	able	 to	 evade	 the	 immune	 system?	The	most	 efficient	 adaptation	H.	 pylori	
evolved	will	be	discussed	in	the	following	chapter.	
One	way	of	adaptation	H.	pylori	developed	 is	 to	evade	detection	by	PRR.	TLR4	de-
tects	 LPS	 of	 gram-negative	 bacteria.	H.	 pylori	 however,	 expresses	 a	 tetra-acylated	
LPS,	which	is	1000-fold	less	active	compared	to	other	hexa-acylated	forms	of	gram-
negative	pathogens	such	as	E-coli	LPS	(Figure	10).	This	is	due	to	specific	lipid	A	modi-
fications	134.	Secondly,	H.	pylori	contains	an	N-terminal	mutation	in	flagellin,	render-
ing	 it	 a	 weak	 TLR5	 activator.	 Even	 though	 TLRs	 are	 known	 to	 induce	 pro-
inflammatory	immune	responses	the	binding	of	H.	pylori	DNA	to	TLR9	and	the	bind-
ing	of	an	unknown	TLR2	ligand	(possibly	LPS)	induce	IL-10	signaling	and	suppress	TH1	
response	135.	TLR2	deficient	mice	show	a	reduced	colonization	level	and	an	increased	
inflammation	136.	Beside	this,	infected	patients	reveal	an	increased	receptor	expres-
sion	in	DCs,	highlighting	the	importance	of	this	pathway	during	colonization	137.	Fur-
thermore,	 DC-SIGN	 detects	 the	 fucose	 residue	 of	 H.	 pylori	 LPS,	 which	 disrupts	
signaling	downstream	of	DC-SIGN,	to	induces	IL-10	and	inhibit	IL-12	production,	and	
suppresses	TH1	response	(Figure	10)	138.	The	failure	of	the	immune	system	to	elimi-
nate	H.	pylori	 seems	 to	be	due	 to	 the	ability	of	 the	bacterium	to	control	T	 cell	 re-
sponses	139.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	10:	Schematic	of	H.	pylori	strategies	that	allow	it	to	evade	host	immune	recognition		
H.	pylori	harbors	several	PAMPs	which	allow	it	to	evade	detection	by	pro-inflammatory	TLRs.	
Here	they	are	summarized,	even	though	they	are	not	necessarily	expressed	on	the	same	cell	
type.	H.	pylori	 LPS	 is	 less	bioactive	 than	 the	 LPS	of	other	gram-negative	pathogens	due	 to	
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specific	 lipid	A	modifications	 that	prevent	detection	by	 TLR4.	H.	pylori	 flagella	 are	not	de-
tected	by	TLR5	due	to	mutations	in	the	TLR5	binding	site	of	flagellin.	The	bacterium's	DNA	is	
detected	by	TLR9	and	H.	pylori	LPS	possibly	by	TLR2.	These	TLRs	predominantly	activate	anti-
inflammatory	 signaling	 pathways.	 5‘	 triphosphorylated	 RNA	 is	 detected	 by	 the	 RLR	 RIG-I,	
which	activates	 the	 transcription	 factors	 IRF3	and	 IRF7	 to	 induce	 type	 I	 IFN	expression.	H.	
pylori	RNA	is	potentially	detected	also	by	TLR8	in	endosomes.	The	fucosylated	DC-SIGN	lig-
ands	suppress	activation	of	the	signaling	pathways	downstream	of	this	CLR	and	activate	anti-
inflammatory	 genes.	 DD,	 death	 domain;	 TIR,	 Toll/Interleukin-1	 receptor	 domain;	 CARD,	
caspase	 activation	 and	 recruitment	 domain;	 MyD88,	 myeloid	 differentiation	 primary	 re-
sponse	gene	88;	DC-SIGN,	dendritic	cell-specific	 intercellular	adhesion	molecule-3	grabbing	
non-integrin	140.	
	
	
3.4.1	Helicobacter	pylori	affects	effector	T	cells	and	regulatory	T	cells	
Several	factors	are	known	to	allow	H.	pylori	to	influence	Teff	cells	directly	or	indirectly	
and	favor	H.	pylori	persistence.	NLRP3	activation	was	considered	to	induce	an	IL-18	
and	 IL-1β-dependent	 inflammatory	 response.	 However	 H.	 pylori-activated	 NLRP3	
signaling	 induces	 two	 opposing	 immune	 responses.	 It	 induces	 an	 IL-18-dependent	
differentiation	of	Treg	cells	and	in	addition	an	IL-1β-dependent	differentiation	of	TH1	
cells	(Figure	11).	IL-18	deficient	mice	have	a	reduced	bacterial	burden	and	increased	
inflammation,	indicating	the	tolerogenic	function,	whereas	IL-1β	deficient	mice	show	
the	opposite	phenotype,	underlining	a	proinflammatory	role	of	IL-1β 141.	Besides	the	
fact	 that	 GGT	 and	 VacA	 favor	 inflammation,	 they	 are	 able	 to	 influence	 T	 cell	 re-
sponse	142.	GGT	function	disrupts	ras	signaling	which	leads	to	a	cell	cycle	arrest	of	T-
cells	in	the	G1/S	phase	143.	 In	addition,	also	VacA	interferes	with	T	cell	proliferation	
signaling	in	G1/S	phase	by	inhibiting	the	activation	of	the	nuclear	factor	of	activated	
T	cells	(NFAT)	144.	 In	addition,	Oertli	et	al.	showed,	that	GGT	and	VacA	also	affect	T	
effector	cells	indirectly	(Figure	11).	Thereby	GGT-	and	VacA-exposed	DCs	are	repro-
gramed	 towards	 a	 tolerogenic,	 semi-mature,	 phenotype.	 DCs	 secrete	 IL-10	 and	
thereby	 induce	Treg	cell	proliferation	and	consequently,	the	 inhibition	of	TH1/17	Teff	
cells	 145.	 Beside	 this,	 GGT	 induces	 COX2	 signaling,	which	 is	 known	 to	 inhibit	 a	 TH1	
response	146,147.	All	this	leads	to	an	immune	evasion	by	H.	pylori	and	tolerogenic	con-
ditions	in	the	host.	
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Figure	11:	H.	pylori	inhibits	T	cell-mediated	immunity	by	several	mechanisms	
All	H.	pylori	 strains	express	 the	secreted	virulence	 factors	VacA	and	GGT.	Thereby	 they	di-
rectly	inhibit	T-cell	activation,	proliferation	and	effector	functions.	Hexameric	VacA	binds	to	
the	 β2	 integrin	 subunit	 of	 the	 heterodimeric	 transmembrane	 receptor	 LFA-1.	 Upon	 phos-
phorylation	by	the	protein	kinase	C,	the	receptor	complex	is	internalized.	Cytoplasmic	VacA	
inhibits	the	Ca2+/calmodulin-dependent	phosphatase	calcineurin	to	dephosphorylate	NF-AT.	
It	thereby	prevents	the	nuclear	translocation	of	NF-AT	and	consequently	blocks	IL-2	produc-
tion	and	subsequent	T-cell	activation	and	proliferation.	GGT	arrests	T-cells	 in	the	G1	phase	
of	the	cell	cycle	preventing	their	proliferation.	Both	VacA	and	GGT	also	indirectly	prevent	T	
cell	immunity	via	re-programming	of	DCs.	VacA/GGT-exposed	DCs	produce	IL-10	and	induce	
the	differentiation	of	Treg	cells	while	preventing	TH1	and	TH17	differentiation.	Depicted	inter-
actions	at	 the	T-cell/DC	 synapse	 include	MHCII	binding	 to	 the	T-cell	 receptor,	which	 facili-
tates	Ca2+	 release	 in	 the	cell,	and	binding	of	costimulatory	molecules	CD80/CD86	 to	CD28.	
The	 direct	 interaction	 of	 VacA	 on	 T	 cells	 appears	 to	 be	 human-specific,	 whereas	 indirect	
effects	of	VacA	and	GGT	on	T-cells	via	DCs	have	only	been	documented	 in	the	murine	sys-
tem.	LFA-1,	lymphocyte	function-associated	antigen-1;	NF-AT-	nuclear	factor	of	activated	T-
cells;	GGT,	γ-glutamyl-transpeptidase;	CnA,	B,	calcineurin	A	and	B	subunits;	CaM,	calmodu-
lin;	RORγT,	retinoid-related	orphan	receptor	γT;	T-bet,	T-box	transcription	factor.	140	
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4.	HELICOBACTER	PYLORI	AND	ALLERGIC	ASTHMA		
H.	pylori	is	able	to	evade	the	immune	system	and	thereby	colonize	the	body	perma-
nently	in	a	stage	of	symbiont/pathobiont.	This	raises	the	question	of	the	advantages	
on	 the	host	 side.	 In	 the	second	half	of	 the	 last	 century,	 the	 incidences	of	H.	pylori	
infection	 decreased	 while	 allergic	 asthma,	 as	 well	 as	 autoimmune	 disease	 in	 the	
population,	 increased.	This	 led	to	the	hypothesis,	that	H.	pylori	protects	from	aller-
gies	and	autoimmune	diseases,	which	will	be	discussed	later	in	the	chapter.	
	
4.1	Pathogenesis	of	allergic	asthma	
Asthma	 is	 a	 global	 health	 problem	with	 around	 300	million	 affected	 people	 and	 a	
further	 increasing	 number	 mainly	 in	 developing	 countries	 (rev.	 148,149).	 Asthmatic	
patients	have	a	chronic	inflammatory	disorder,	which	is	characterized	by	a	bronchial	
hyperactivity,	mucus	overproduction,	airway	wall	remodeling	in	line	with	airway	nar-
rowing.	 150.	 Environmental	 risk	 factors	 are	 exposure	 to	 allergens,	 viral	 respiratory	
infections,	air	pollution	or	cigarette	smoke	151-153.	But	also	obesity,	as	well	as	atopic	
diseases,	 are	 risk	 factors	 153.	 Even	 though	 many	 people	 suffer	 from	 this	 disease	
treatment,	methods	 are	 non-curative	mainly	 because	 of	 the	 heterogeneity	 of	 this	
disease	 154.	 For	a	 long	 time,	allergic	asthma	was	 thought	 to	be	driven	by	TH2	cells.	
But	it	 is	now	known	that	asthmatic	inflammation	can	also	be	neutrophilic	and	TH17	
driven	155,156.	Allergic	antigens	are	inhaled	during	sensitization	and	detected	by	anti-
gen	presenting	cells	in	the	lung.	Thereby	CD103-CD11b+	DCs	are	necessary	and	suffi-
cient	 to	 induce	 allergic	 sensitization	 and	 CD103+	DCs	 induce	 tolerance	 towards	 in-
haled	 allergens.	 CD11b+	DCs	 present	 the	 allergen	 to	 naive	 CD4+	T	 cells	 in	 the	 lung	
draining	 lymph	node	and	 induce	 their	 TH2	differentiation	 (Figure	12).	Activation	of	
TH2	cells	 leads	to	the	release	of	 IL-4	and	IL-13	secretion.	Thereby,	proliferation	and	
class	switch	of	B	cells	to	produce	IgE	and	IgG	is	induced.	IgE	and	IgG	bind	with	high	
affinity	to	the	receptor	FcεR	and	FcγR	on	mast	cells.	Allergic	asthma	can	be	divided	in	
an	early	and	late	response.	In	case	of	a	re-exposure,	the	allergen	directly	binds	to	the	
mast	cell	receptor.	This	 leads	to	a	degranulation	of	mast	cells,	the	release	of	hista-
mine	and	granule	proteins	and	an	 increased	vascular	cleavage,	which	characterizes	
the	early	phase.	TH2	cell-released	 IL-13	causes	goblet	cell	metaplasia	and	bronchial	
hyperreactivity.	In	addition,	vessels	upregulate	VCAM-1,	which	increas	their	perme-
ability.	This	 favors	eosinophil	 infiltration	and	causes	subsequent	progression	to	the	
later	phase.	TH2	cells	and	eosinophils	 secret	 IL-5,	which	 induces	 the	differentiation	
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4.2	Treatment	of	allergic	asthma		
Today	severe	asthma	treatment	relies	on	a	combination	therapy	of	an	inhaled	corti-
costeroid,	 which	 suppresses	 the	 inflammation	 and	 a	 β-adrenergic	 agonist,	 which	
opens	the	constricted	bronchial	muscles.	However,	 in	5-10%	of	patients,	this	treat-
ment	 is	 inefficient,	 underlining	 the	 need	 for	 new	 alternative	methods.	 Alternative	
treatments	 are	monoclonal	 antibody	 therapies	 against	 IgE,	 IL-4,	 IL-5	 and	 also	 Il-13	
with	 several	 ongoing	 phases	 2	 and	 phase	 3	 trials.	Omalizumab,	 a	 humanized	mAb	
against	 the	FC	portion	of	 IgE	on	 several	 cells,	 controls	moderate	 to	 severe	asthma	
159,160.	Moreover,	 clinical	 trials	 are	 done	with	 cytokine	 inhibitors.	 Here,	 a	 phase	 III	
study	with	dupilumab,	an	antibody	against	 the	α-chain	of	 IL-4,	 shows	effective	 im-
provement	of	the	lung	function	and	exacerbation	161.	However	further	understand-
ing	is	necessary	to	gain	satisfying	treatments	against	this	disease.	
	
4.3	Protective	role	of	Helicobacter	pylori	against	allergic	asthma	
H.	pylori	infections	and	allergies	are	inversely	correlated.	Basler	et	al.	have	postulat-
ed	 in	 the	 loss	 of	 microbiota	 hypothesis,	 that	 a	 gradual	 reduction	 of	 commensal	
bacteria	 such	as	H.	pylori,	which	 favors	a	 tolerogenic	phenotype,	 leads	 to	a	steady	
increase	 in	 inflammatory	 disorders	 causing	 allergies	 and	 autoimmune	 diseases	 115.	
These	beneficial	effects	of	H.	pylori	 infection	against	asthma	but	also	 inflammatory	
bowel	disease	(IBD),	was	linked	to	the	H.	pylori-induced	Treg	cells	response	162.	Arnold	
et	al.	showed,	that	experimentally	infected	mice	are	protected	against	allergic	asth-
ma.	The	protection	was	most	pronounced	in	neonatally	infected	mice	and	driven	by	
Treg	cell	163.	Compared	to	adult	infections,	showing	a	pronounced	Teff	response,	these	
tolerogenic	 T	 cells	migrate	 to	 the	 lung	where	 they	 can	 suppress	 the	 inflammatory	
immune	response	of	asthmatic	mice	(Figure	13).	Transfer	of	Treg	cells	 from	infected	
mice	conferred	protection	in	asthmatic	mice	arguing	that	Treg	cells	are	sufficient	for	
this	 protection	 163.	 Oertli	 et	 al.	 reviled	 that	 the	 infected	DCs	 revile	 a	 semi-mature	
state	that	renders	Treg	priming.	Further	this	semi-mature	state	was	dependent	on	IL-
18	 secretion;	 consequently	 IL-18	 deficient	 mice	 are	 not	 protected	 from	 allergic	
symptoms	 164.	 Besides	 this,	 the	 two	 virulence	 factors	 of	H.	 pylori,	 GGT	 and	 VacA,	
promote	tolerogenic	DCs.	In	addition,	isogenic	mutants	fail	to	promote	Treg	induction	
and	neonatal	infection	of	mice	with	H.	pylori	VacA	mutant	fail	to	induce	asthma	pro-
tection	145.	
Taken	together	allergic	asthma	is	a	heterogenic	disease,	which	needs	further	investi-
gation	to	develop	curative	treatments.	Therefore,	gaining	more	insight	 into	the	un-
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derlying	molecular	mechanism	of	H.	pylori-induced	tolerance	may	provide	one	route	
for	addressing	unmet	clinical	needs	for	treatments	of	allergic	diseases.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	13:	H.	pylori-induced	protection	of	allergic	asthma	by	Treg	cells,	VacA	and	GGT	
H.	pylori	is	typically	acquired	during	early	childhood	and	is	known	to	cause	gastric	disorders,	
as	well	as	prevent	allergic	and	chronic	inflammatory	diseases.	The	H.	pylori	persistence	fac-
tors	 GGT	 and	 VacA	 promote	 chronic	 infection	 by	 tolerizing	 DCs	 and	 thereby	 favoring	 Treg	
differentiation.	H.	 pylori-induced	 Tregs	are	 required	 for	 the	 suppression	 of	 allergen-specific	
immune	responses	in	the	lung	(modified	from	165).	
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AIMS	OF	THE	THESIS		
	
For	a	long	time,	the	stomach	was	an	immunologically	neglected	organ.	Only	recently	
more	 knowledge	was	 gained	 concerning	 its	microbial	 composition,	 but	 still	 little	 is	
known	regarding	the	myeloid	compartment	 in	steady	state	or	during	 infection,	e.g.	
with	H.	pylori	166.	H.	pylori	 infection	is	not	only	a	risk	factor	for	the	development	of	
gastric	 adenocarcinoma	but	 evidence	 from	epidemiological	 studies	 and	 our	 recent	
work	 identified	H.	pylori	as	beneficial	 in	 the	context	of	allergic	diseases115,163,167.	 In	
this	regard	we	have	identified	DCs	as	mediators	of	H.	pylori-induced	immune	toler-
ance	 and	 asthma	 protection163.	 However,	 nothing	 has	 been	 known	 regarding	 the	
role	of	specific	DC	subsets	and	macrophages	during	H.	pylori	infection	in	the	gastric	
lamina	propria	and	lung.	
	
My	first	aim	was	to	characterize	the	myeloid	compartment	in	the	gastric	lamina	pro-
pria	in	steady	state	and	during	H.	pylori	infection.	In	the	next	step,	we	aimed	to	iden-
tify	 the	 role	 of	macrophages	 and	 DCs	 sampling	H.	 pylori	 and	 studying	 changes	 of	
gene	expression	associated	with	H.	pylori	exposure.	Beside	this,	we	were	interested	
in	their	function	 in	regulating	H.	pylori-specific	 immune	responses.	To	this	end,	dif-
ferent	knockout	mouse	strains	were	used	to	identify	the	role	of	DC	subsets	in	toler-
ance	and	immunity	during	H.	pylori	infection	in	the	gastric	lamina	propria.	
	
In	the	next	step	I	investigated	the	role	of	DCs	and	the	signaling	pathways	underlying	
H.	 pylori-mediated	 asthma	 control.	 Knowing	 that	 Treg	cells	 mediate	 the	 protection	
against	asthma,	I	aimed	to	study	the	role	of	two	Treg	mediators,	IL-10	and	β-catenin,	
in	CD11c+	cells	by	using	a	murine	asthma	model.		
	
Further,	we	aimed	to	gain	a	deeper	understanding	of	IL-18	activation	upon	H.	pylori	
infection.	We	already	knew	from	previous	studies,	that	IL-18	is	induced	and	essential	
for	allergic	asthma	protection.	IL-18	and	IL-1β	are	regulated	via	caspase-1	141,164.	We	
therefore	aimed	to	identify	the	NLRs	leading	to	caspase-1	and	IL-18	activation	upon	
H.	 pylori	 infection	 in	 DCs.	 Furthermore,	 we	were	 interested	 in	 TLR	 signaling,	 as	 it	
transfers	the	signal	which	leads	to	pro-IL-1β	transcription.	In	addition	we	planned	to	
identify	the	bacterial	PAMPs	inducing	IL-18	and	IL-1β.		
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The prevalence of allergic asthma and other atopic diseases has
reached epidemic proportions in large parts of the developed
world. The gradual loss of the human indigenous microbiota
has been held responsible for this trend. The bacterial pathogen
Helicobacter pylori is a constituent of the normal gastric micro-
biota whose presence has been inversely linked to allergy and
asthma in humans and experimental models. Here we show that
oral or i.p. tolerization with H. pylori extract prevents the airway
hyperresponsiveness, bronchoalveolar eosinophilia, pulmonary in-
flammation, and Th2 cytokine production that are hallmarks of aller-
gen-induced asthma in mice. Asthma protection is not conferred by
extracts from other enteropathogens and requires a heat-sensitive
H. pylori component and the DC-intrinsic production of IL-10. The
basic leucine zipper ATF-like 3 (BATF3)-dependent CD103+CD11b−
dendritic cell lineage is enriched in the lungs of protected mice
and strictly required for protection. Two H. pylori persistence deter-
minants, the γ-glutamyl-transpeptidase GGT and the vacuolating
cytotoxin VacA, are required and sufficient for asthma protection
and can be administered in purified form to prevent asthma. In con-
clusion, we provide preclinical evidence for the concept that the
immunomodulatory properties of H. pylori can be exploited for
tolerization strategies aiming to prevent allergen-induced asthma.
bacterial immunomodulation | allergy and asthma prevention |
tolerogenic dendritic cells | bacterial persistence determinants
The prevalence of asthma and other allergic diseases has in-creased steadily in the course of the second half of the 20th
century in both adult and pediatric, developed and developing
populations (1). The lack of early childhood infections or mi-
crobial exposure due to improved sanitation, and the gradual loss
of the indigenous microbiota have alternately been proposed to
account for this major public health trend (2, 3). Epidemiological
and experimental studies have consistently shown a strong in-
verse association of chronic infection with the human gastric
bacterial pathogen Helicobacter pylori with the risk of developing
allergic asthma (4–9). Chronic infection with H. pylori is less
common in allergic individuals presenting with asthma, hay fe-
ver, or eczema than in the general population; this is especially
true in children and in patients with early-onset disease (4–8).
We have reported earlier that experimental infection of C57/BL6
mice with a mouse-colonizing human isolate of H. pylori confers
robust protection against allergen-induced asthma, with partic-
ularly strong protective effects observed upon early-life exposure
(9). Asthma protection could be attributed to H. pylori-specific
tolerogenic reprogramming of dendritic cells in vitro and in vivo
and to the induction of highly suppressive regulatory T cells (9,
10). Despite its striking immunomodulatory properties (11) and
remarkable inverse link to various allergic diseases, the use of
live H. pylori as a therapeutic intervention or preventive measure
is unattractive due to the well-documented carcinogenic poten-
tial of chronic infection with this organism. H. pylori induces
gastric and duodenal ulcers (12), and is also widely accepted to
be the leading cause of gastric adenocarcinoma (13). Here, we
have devised a strategy of H. pylori-specific tolerization that
harnesses the bacteria’s immunomodulatory properties for the
prevention of asthma while avoiding the risks associated with live
infection and have elucidated several key determinants of
asthma protection in both the bacteria and the host.
Results
H. pylori Whole Cell Extract Protects Against Allergen-Induced
Asthma. To assess whether regular administration of H. pylori
extract protects against allergen-induced asthma and thus reca-
pitulates the effects of live infection, we treated mice with weekly
doses of intragastrically administered whole cell extract from age
day 7 onwards before subjecting them to ovalbumin sensitization
and challenge. Control mice that had received ovalbumin but no
H. pylori extract developed airway hyperresponsiveness to
methacholine (Fig. 1 A and B and Fig. S1 A–D) and bron-
choalveolar immune cell infiltration and eosinophilia (Fig. 1 C
and D), as well as histologically evident lung inflammation and
Significance
Allergic asthma represents an increasingly common public
health problem. Here, we provide preclinical evidence for the
efficacy of active tolerization using Helicobacter pylori com-
ponents as a viable strategy for asthma prevention. We use
a mouse model of allergic asthma to show that regular treat-
ment with H. pylori extract effectively alleviates all hallmarks
of the disease. Successful treatment depends on the regulatory
cytokine IL-10 and on basic leucine zipper ATF-like 3 (BATF3)-
dependent dendritic cell lineages. H. pylori extracts lacking the
γ-glutamyl-transpeptidase GGT or the vacuolating cytotoxin
VacA fail to protect against asthma; conversely, both factors
can be administered in purified form to achieve protection. In
conclusion, the immunomodulatory properties of the common
infectious agent H. pylori can be exploited for therapeutic
purposes in an allergy model.
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goblet cell metaplasia (Fig. 1 E–G). The restimulation of single
cell lung preparations with ovalbumin induced the production of
high levels of the Th2 cytokines IL-5 and IL-13 (Fig. 1 H and I).
In contrast, mice that had received H. pylori extract were pro-
tected against airway hyperresponsiveness (Fig. 1 A and B and
Fig. S1 A–D), and exhibited significantly lower levels of bron-
choalveolar and pulmonary inflammation, eosinophilia and
goblet cell metaplasia (Fig. 1 C–G). Th2 cytokine production
upon allergen restimulation of lung preparations was also re-
duced (Fig. 1 H and I). The failure of extract-treated mice to
develop allergen-induced symptoms of asthma was not due to
an impaired primary response to the allergen, as the levels of
ovalbumin-specific serum IgE were similar in all sensitized mice
(Fig. S1E).
To address the specificity of the observed effects and elucidate
key prerequisites of protection, we examined various adminis-
tration routes and regimens, ages at treatment onset, and
extracts from other gastrointestinal pathogens. Interestingly,
the systemic (intraperitoneal) administration of H. pylori ex-
tract was as efficient as the intragastric route at conferring
protection against allergen-induced asthma (Fig. S1 F–I). Intra-
gastric treatment was less effective when initiated in adult mice
as opposed to neonates, and four consecutive doses of extract
administered to young mice before weaning were insufficient to
induce full protection (Fig. S1 F–I). Heat-inactivated H. pylori
extract, as well as identical amounts of extracts generated from
cultures of Escherichia coli or Salmonella typhimurium, failed to
confer protection against the examined hallmarks of allergic
airway disease (Fig. S1 F–I). In conclusion, the beneficial effects
of extract treatment are specific to H. pylori and require a heat-
sensitive component of the bacteria, and are most pronounced if
the treatment is initiated in young mice.
Successful Tolerization Against Allergen-Induced Asthma Requires IL-
10 and IL-18, but Not Regulatory T Cells.H. pylori is known to induce
the production of IL-10 in various immune cell compartments
(14, 15) and high gastric levels of IL-10 ensure H. pylori persis-
tence and promote H. pylori-specific immune tolerance (16, 17).
We have shown previously that dendritic cells (DCs) play a crit-
ical role in immune tolerance to live H. pylori; the depletion of
CD11c-positive DCs breaks tolerance and promotes clearance of
the bacteria (10). To assess whether DCs produce IL-10 not only
in response to live infection as shown (10), but also in response
to H. pylori extract, cultured murine bone marrow-derived (BM)
DCs were treated with increasing concentrations of extract. In-
deed, BM-DCs produced and secreted large amounts of IL-10,
and this was dependent on TLR2 and MyD88 signaling, but in-
dependent of TLR4 (Fig. 2A). A clear dose-dependent secretion
of IL-10 could also be observed in human blood-derived DCs
from six independent donors cultured with H. pylori extract (Fig.
2B). To address whether IL-10 is required for asthma protection
conferred by extract tolerization or live infection, we adminis-
tered two doses of IL-10 receptor (IL-10R)-neutralizing antibody
during the challenge phase of the protocol to mice that had ei-
ther received extract from the neonatal period onwards or had
been infected as neonates. IL-10 signaling was required for
protection against asthma in both scenarios (Fig. 2 C–F). We
further examined the effects of extract tolerization and live in-
fection in mice that are deficient for IL-10 production specifi-
cally in the CD11c+ immune cell compartment. Although not
entirely resistant to extract treatment or the beneficial effects of
live infection, CD11c-Cre.IL-10fl/fl mice were less well protected
than their Cre-negative littermates, i.e., exhibited significantly
higher eosinophil counts, lung inflammation and goblet cell
metaplasia (Fig. 2 G–J). The overall secretion of IL-10 by al-
lergen-restimulated lung cells was reduced in CD11c-Cre.IL-10fl/fl
mice (Fig. S2A), implying that CD11c+ cells represent a major
source of pulmonary IL-10 in this setting. In summary, we con-
clude that H. pylori extract induces IL-10 production in both
murine and human DCs and that IL-10 produced by CD11c+
DCs/mononuclear phagocytes, in the lungs and/or at other sites,
contributes critically to protection.
Having shown previously that DC-derived IL-18 is a critical
mediator of H. pylori-induced immune tolerance (10), we next
examined the effects of H. pylori extract and live infection on IL-
18R−/− mice. IL-18 signaling was absolutely required for the
protective effects of live bacteria as well as extract treatment
(Fig. S2 B–E), underscoring the tolerance-promoting role of this
cytokine in the context of the H. pylori/host interaction. To fur-
ther address whether Tregs were required for extract-mediated
protection (as they are for live infection; ref. 9), we depleted
CD25+ Tregs (>90% depletion efficiency in the lungs, Fig. S2F)
by applying two doses of a CD25-specific antibody before oval-
bumin challenge. Treg depletion had no effect on the protection
from allergic asthma conferred by H. pylori extract (Fig. S1 G–J);
this result was consistent with a lack of protective activity of
CD25+ Tregs that were adoptively transferred from extract-
treated mice to naive recipients (Fig. S1 G–J). H. pylori extract
treatment of BM-DCs, in contrast to live infection, further failed
to promote the expression of the Treg lineage-defining tran-
scription factor FoxP3 in cocultured naive T cells (Fig. S2K),
suggesting that H. pylori extract exerts its protective activity
through the DC-intrinsic production of IL-10 (and IL-18), but
independently of Tregs.
BATF3-Dependent DC Lineages Are Required for H. pylori-Induced
Protection Against Allergic Airway Inflammation. Having identified
DCs as critical mediators of H. pylori-specific tolerance (10) and
Fig. 1. Experimentally induced asthma is alleviated by treatment with
H. pylori extract. (A–I) Mice were sensitized i.p. with alum-adjuvanted oval-
bumin at 8 and 10 wk of age and challenged with aerosolized ovalbumin 2 wk
after the second sensitization to induce asthma-like symptoms. Mock-
sensitized mice served as negative controls. One group received once-
weekly doses of 200 μg H. pylori extract intragastrically from day 7 of age until
the second sensitization. (A and B) Airway hyperresponsiveness in response to
increasing doses of methacholine and the highest dose of 100 mg/mL,
respectively. (C and D) Total cells and eosinophils contained in 1 mL of BALF.
(E–G) Tissue inflammation and goblet cell metaplasia as assessed on H&E and
PAS-stained tissue sections; representative micrographs taken at 100× (H&E)
and 400× (PAS) original magnification are shown in G. Pooled data from five
independent studies are shown in A–F. (H and I) IL-5 and IL-13 secretion by
single cell lung preparations restimulated with ovalbumin, as assessed by
ELISA. Pooled data from two studies are shown in H and I. In scatter plots,
each symbol represents one mouse; horizontal lines indicate the medians.
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as key producers of protective IL-10 (Fig. 2), we next sought to
dissect the role of specific DC subsets in the context of H. pylori
infection and tolerization. To this end, we generated single cell
lung preparations from extract-treated, infected, and positive as
well as negative control mice and subjected them to quantitative
flow cytometric analysis of various lung-infiltrating DC pop-
ulations. Interestingly, despite the fact that the mice examined in
this fashion exhibited very typical levels of protection (Fig. S3 A–
D), their lungs were infiltrated with the same overall numbers of
CD11c+ MHCII+ DCs as the lungs of asthmatic mice (Fig. 3A).
However, when we distinguished between conventional and
plasmacytoid DCs (cDCs, pDCs) based on their expression of
B220 (also known as CD45R, a marker of the B-cell lineage that
is also shared by pDCs, Fig. S3E), we found that CD11c+
MHCIIhi B220− cDCs were relatively more abundant in asth-
matic mice, whereas CD11clo MHCIIlo B220+ pDCs were more
abundant in the lungs of protected mice (Fig. 3 B–D). Further-
more, the total numbers of lung-infiltrating pDCs were higher
than in nonsensitized negative controls (Fig. S3F), indicating that
pDCs are actively recruited to the lungs of allergen-challenged
mice that are either infected with H. pylori or treated with
H. pylori extract. Another interesting difference was found among
asthmatic and protected mice when we discriminated between
CD11b+ and CD103+ cDC subsets (Fig. S3G). Strikingly,
whereas the asthmatic lungs of positive control mice were pre-
dominantly infiltrated by CD11b+ cDCs, the lungs of protected
mice were relatively more infiltrated by CD103+ cDCs (Fig. 3 E–
G). Again, CD103+ cDCs appeared to be specifically recruited to
the lungs of allergen-challenged mice either infected with
H. pylori or treated with H. pylori extract (Fig. S3H).
To assess the functional relevance of CD103+ lung-infiltrating
DCs in asthma protection in our model, we examined mice
lacking the transcription factor basic leucine zipper ATF-like 3
(BATF3), which has previously been shown to direct the de-
velopment of CD8α+ lymphoid tissue DCs as well as CD103+
CD11b− DCs in the lungs, intestine and skin (18). We were able
to confirm that the lungs of BATF3−/− mice are entirely devoid
of CD103+ DCs, and exhibit normal and higher frequencies of
pDCs and CD11b+ DCs, respectively (Fig. S3 I and J). In-
terestingly, pure populations of mesenteric lymph node-derived
DCs from BATF3−/− mice failed to express IL-10 upon treat-
ment with increasing doses of H. pylori extract ex vivo (Fig. 3H).
BATF3−/− mice were significantly less protected than wild-type
mice against allergen-induced asthma upon infection with
H. pylori, and upon treatment with H. pylori extract (Fig. 3 I–L),
despite being colonized at comparable levels (Fig. S3K). In sum-
mary, BATF3-dependent CD103+ DC lineages infiltrate the lungs
of protected mice, and are required for the H. pylori-driven,
IL-10-mediated protection from allergic asthma.
The H. pylori Persistence Determinants γ-Glutamyl Transpeptidase
and Vacuolating Cytotoxin Are Required and Sufficient for Protection
Against Allergic Airway Inflammation. We have shown recently that
two H. pylori virulence determinants encoded by all clinical iso-
lates investigated to date, the γ-glutamyl transpeptidase GGT and
the vacuolating cytotoxin VacA, promote persistence through
tolerogenic reprogramming of DCs (19). To examine whether
GGT and/or VacA contribute to asthma protection conferred by
extract tolerization, we compared the protective properties of
extracts from wild-type bacteria and from GGT- or VacA-
deficient isogenic mutants. Interestingly, both mutant extracts
were consistently less efficient than wild-type extract at protecting
allergen-sensitized and -challenged mice against bronchoalveolar
and pulmonary inflammation, eosinophilia, and goblet cell meta-
plasia (Fig. 4 A–D). To examine whether either factor alone is
sufficient to provide protection, we intraperitoneally administered
either recombinant GGT or oligomeric VacA purified from culture
supernatants of H. pylori once weekly from day 7 of age onwards.
No adverse effects were observed in any of the mice, despite their
young age at the time of the first doses. Strikingly, both VacA and
GGT provided a level of protection against asthma that was
comparable to the protection conferred by parallel whole cell ex-
tract treatment (Fig. 4 E–H). VacA was somewhat more protective
than GGT at identical concentrations. VacA lacking an amino-
terminal hydrophobic region of three tandem GXXXG motifs that
is essential for VacA‘s cytotoxic activity (20) failed to protect
against asthma (Fig. 4 E–H). Wild-type, but not mutant, VacA had
similar effects on pulmonary Th2 cytokine production and DC
infiltration (Fig. S4 A–E) as liveH. pylori or whole cell extract (Figs.
1 and 3). IL-10R neutralization during ovalbumin challenge ab-
rogated the protective activity of VacA, which was observed not
only upon intraperitoneal administration, but also upon oral ad-
ministration, and in adult as well as neonatally treated mice (Fig.
S4 F–I). We conclude that GGT and VacA are key determinants of
H. pylori-induced asthma protection and may be administered in
purified form to prevent allergic asthma.
Fig. 2. IL-10 is required for H. pylori-induced protection against allergic
asthma. (A and B) IL-10 secretion by murine bone-marrow-derived DCs of the
indicated genotypes and human monocyte-derived DCs from six healthy
volunteers after exposure to H. pylori extract. One representative experi-
ment of three is shown in A, and pooled data for all six donors is shown in B.
(C–F) Mice were treated as described in Fig. 1 or were neonatally infected
with H. pylori; the indicated groups received 2 doses of anti-IL-10R antibody
during ovalbumin challenge. (G–J) CD11c-Cre.IL-10fl/fl mice and their IL-10fl/fl
littermates were either neonatally infected or received H. pylori extract
before being subjected to ovalbumin sensitization and challenge as de-
scribed in Fig. 1. Total cells (C and G) and eosinophils (D and H) contained in 1 mL
of BALF. Tissue inflammation (E and I) and goblet cell metaplasia (F and J).
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Discussion
We have devised here a strategy of active tolerization for the
prevention of allergic asthma that exploits the immunomodula-
tory properties of H. pylori without exposing to the risks as-
sociated with live infection. By orally or intraperitoneally
administering H. pylori whole cell extract to allergen-sensitized
mice, we were able to achieve a level of protection against
asthma that was equivalent to the protection conferred by live
infection (9). Extract-mediated protection was highly specific to
H. pylori, i.e., was not conferred by extract from other Gram-
negative enteropathogens such as E. coli or Salmonella typhi-
murium. The treatment was particularly successful when initiated
in young mice, an observation that is in line with the superior
protection afforded by experimental (live) infection of neonatal
relative to adult mice (9). The differential susceptibility to suc-
cessful tolerization of neonates and adults may be attributable to
the general tolerogenic bias of the immature neonatal immune
system, with its higher Treg/Teffector cell ratios and Treg-pre-
dominant responses to foreign antigens (21). Our results are in
line with the epidemiological finding that children benefit more
from harboring H. pylori than adults in terms of their asthma risk
(6); similarly, early onset asthma in adolescents and young adults
is more strongly inversely correlated with H. pylori seropositivity
than adult-onset asthma (5). The data presented here thus imply
that children at high risk of developing asthma are more likely
than adults to benefit from H. pylori-specific tolerization
strategies.
Having shown earlier that H. pylori-specific immune tolerance
is a consequence of tolerogenic reprogramming of DCs by the
bacteria (10), we set out to examine the contribution of specific
DC lineages and their immunomodulators to immune tolerance
and asthma protection in the settings of neonatal infection and
neonatal-onset tolerization with H. pylori extract. A careful
immunophenotypic analysis of the DC subsets infiltrating the
lungs of protected mice revealed a preferential recruitment of
CD103+CD11b− conventional DCs, and to a lesser extent of
B220+ plasmacytoid DCs. The contribution of CD103+ DCs to
asthma protection was further functionally assessed in mice
lacking the BATF3 transcription factor, which drives the de-
velopment of CD8α+ lymphoid tissue-resident DC lineages and
of the closely related CD103+CD11b− DC lineages in various
tissues including the lung, intestine and skin (18). We were able
to confirm that CD103+CD11b− DCs are completely absent
from the lungs of BATF3−/− mice, whereas all other examined
subsets are present in normal numbers. BATF3−/− animals were
equally susceptible to allergen-induced asthma as wild-type mice;
Fig. 3. CD103+ conventional DCs accumulate in the lungs of H. pylori-infected and extract-treated mice and are required for protection. (A–G) Groups of
mice treated as described in Figs. 1 and 2 were analyzed with respect to lung infiltration by pDCs and two lineages of cDCs. Data are pooled from three
independent studies. (A) Total infiltration of CD11c+MHC+ cells. (B and C) Frequencies of B220− cDCs and B220+ pDCs among all CD11c+MHC+ cells. (D) Ratios
of pDCs to cDCs as calculated per mouse. (E and F) Frequencies of CD103+ and CD11b+ cells among all cDCs. (G) Ratios of CD11b+ and CD103+ cDCs as
calculated per mouse. (H) IL-10 transcript levels normalized to GAPDH, of immunomagnetically isolated CD11c+ DCs from mesenteric lymph nodes of WT and
BATF3−/−mice, treated with the indicated increasing doses of H. pylori extract. (I–L) Wild-type and BATF3−/−mice were treated or infected as described in Figs.
1 and 2 and subjected to ovalbumin sensitization and challenge. (I and J) Total cells and eosinophils contained in 1 mL of BALF. (K and L) Tissue inflammation
and goblet cell metaplasia.
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however, neither regular extract treatment nor H. pylori coloni-
zation had any detectable beneficial effect on the examined
hallmarks of asthma in this strain, indicating that BATF3-
dependent DCs are strictly required for protection in both sce-
narios. We further found that lymph node-derived DCs from
BATF3−/− mice fail to produce IL-10 upon treatment with
H. pylori extract ex vivo. This observation is well in line with the
requirement for IL-10 signaling proficiency and, more specifi-
cally, for the DC-intrinsic production of IL-10 for optimal
H. pylori-mediated protection against allergic asthma. We con-
clude from the combined results that BATF3-dependent DC
lineages suppress pulmonary allergen-specific immune responses
by production of IL-10; in contrast, Tregs are not critically re-
quired for H. pylori extract-mediated protection, as their de-
pletion fails to abrogate protection.
Another cytokine known to be induced by H. pylori, IL-18 (22),
also turned out to be absolutely essential for asthma prevention
in the course of our studies. IL-18 is produced upon inflamma-
some activation by H. pylori in a variety of cell types, including
DCs, and promotes Treg differentiation and H. pylori-specific
tolerance in vitro and in vivo (10, 22). Whether the DC-intrinsic
production of IL-18 is required for H. pylori (extract)-mediated
protection against asthma remains to be addressed with suitable
mouse strains.
Our data further show that two H. pylori determinants, GGT
and VacA, are required for extract-mediated protection and can
be administered in purified form to prevent allergic asthma.
These findings are in line with earlier reports showing that both
factors have a critical role in H. pylori persistence and immune
modulation. Mutants lacking the ggt gene are incapable of col-
onizing mice persistently (19, 23), and this phenotype has been
attributed to DC tolerization by GGT in vitro and in vivo (19).
Similarly, a vacA gene deletion mutant fails to tolerize DCs and
to induce Tregs in vivo, and is therefore effectively controlled or
even cleared upon onset of an adaptive immune response (19).
The fact that a mutant form of VacA lacking an amino-terminal
hydrophobic region of three tandem GXXXG motifs fails to
protect against asthma when administered to mice in purified
form suggests that membrane insertion by VacA is required for
its immunomodulatory effects. The exact mechanism and rele-
vant target cell types of VacA in vivo remain to be elucidated in
detail. Taken together, our data demonstrate, to our knowledge
for the first time, that the immunomodulatory properties of
a very common infectious agent in humans, H. pylori, can be
exploited for therapeutic purposes in an allergy model and lend
Fig. 4. H. pylori GGT and VacA are required and sufficient for protection against asthma. (A–D) Groups of mice were treated as described in Fig. 1 with
H. pylori extract generated from either wild-type (WT) or Δggt or ΔvacAmutant bacteria, and were subjected to ovalbumin sensitization and challenge. (E–H)
Mice were i.p. injected weekly with 25 μg per dose of either recombinant GGT or purified wild-type or mutant (Δ6–27) VacA starting on day 7 of age until the
second sensitization. Total cells (A and E) and eosinophils (B and F) contained in 1 mL of BALF. Tissue inflammation (C and G) and goblet cell metaplasia (D and H).
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support to H. pylori-specific tolerization as a viable strategy for
asthma prevention in high-risk individuals.
Materials and Methods
Animal Experimentation. C57BL/6, BATF3−/−, IL-18R−/−, and CD11c-Cre.IL-10fl/fl
mice were orally infected with H. pylori PMSS1 as described (16) or received
either once-weekly oral or i.p. doses of 200 μg of extract of H. pylori wild-type
PMSS1, PMSS1Δggt or PMSS1ΔvacA (19), Salmonella typhimurium, or E. coli or
once-weekly i.p. doses of 25 μg of recombinant GGT, or of s1m1 type VacA
(wild type or Δ6–27, ref. 20) purified from H. pylori strain 60190. Mice were
sensitized by i.p. injection of 20 μg of ovalbumin (Sigma-Aldrich) emulsified in
2.25 mg of aluminum hydroxide (Alum Imject; Pierce) at 8 and 10 wk of age
and challenged with 1% aerosolized ovalbumin using an ultrasonic nebulizer
(NE-U17; Omron) for 20 min daily on days 31, 32, and 33 after initial sensiti-
zation. Airway resistance measurements were performed on anesthetized,
intubated and mechanically ventilated mice (FinePointe Resistance and Com-
pliance System, Buxco Electronics) in response to increasing doses of inhaled
metacholine. In vivo blocking of IL-10 signaling and depletion of Tregs was
achieved by two i.p. injections of 250 μg of anti-IL-10R antibody (clone 1B1.3A)
and anti-CD25 antibody (clone PC-61.5, both BioXCell), respectively, during the
challenge phase. CD4+CD25+ Tregs were adoptively transferred as described
(9). Lungs were lavaged via the trachea with 1 mL of PBS. Broncho-alveolar
lavage fluid (BALF) cells were counted using trypan blue dye exclusion. Dif-
ferential cell counts of macrophages, lymphocytes, neutrophils, and eosino-
phils were performed on cytocentrifuged preparations stained with the
Microscopy Hemacolor-Set (Merck). For lung histopathology, lungs were fixed
by inflation and immersion in 10% (vol/vol) formalin and embedded in par-
affin. Tissue sections were stained with H&E and periodic acid-Schiff and ex-
amined in blinded fashion on a BX40 Olympus microscope. Peribronchial
inflammation was scored on a scale from 0 to 4. PAS-positive goblet cells were
quantified per 1 mm of basement membrane. All animal experimentation was
performed in accordance with federal, cantonal and institutional guidelines,
and approved by the Zurich Cantonal Veterinary Authorities (no. 170/2009
to A.M.).
Preparation of H. pylori Extract and Purification of GGT and VacA. H. pylori was
cultured in Brucella broth supplemented with 10% FCS, pelleted by centri-
fugation, and washed once with PBS. Bacteria were subjected to three
freeze/thaw cycles and disrupted by three passes through a French pressure
cell press (Stansted Fluid Power, Cell Pressure Homogenizer) at 30,000 bar.
Cell debris was removed by centrifugation and the supernatant filtered
through a 2-μm filter. Protein concentrations were determined by BCA
Protein Kit (R&D Systems). H. pylori VacA was purified using published
procedures (24, 25), with the following slight modifications. H. pylori strain
60190 was cultured in sulfite-free Brucella broth containing either choles-
terol or 0.5% charcoal. After centrifugation of the culture, supernatant
proteins were precipitated with a 50% saturated solution of ammonium
sulfate. The oligomeric form of VacA was isolated by gel filtration chro-
matography with a Superose 6 HR 16/50 column in PBS containing 0.02%
sodium azide and 1 mM EDTA. H. pylori GGT was purified as described (19).
Protocols for lung single cell preparation, flow cytometry, cytokine ELISAs,
and preparation of murine and human DCs and DC/T-cell cocultures can be
found in SI Materials and Methods.
Statistics. All statistical analysis was performed using Graph Pad prism 5.0
software. The Mann–Whitney test was used throughout. P values <0.05 were
considered significant.
ACKNOWLEDGMENTS. We thank Hermelijn Smits and Maria Yazdanbakhsh
(Leiden University Medical Center) for their help with culturing human
DCs. This study was funded by Swiss National Science Foundation Project
Grant 310030_143608/1 (to A.M.), the National Institutes of Health
Grants AI039657 and CA116087 (to T.L.C.), and Department of Veterans
Affairs (T.L.C.).
1. Eder W, Ege MJ, von Mutius E (2006) The asthma epidemic. N Engl J Med 355(21):
2226–2235.
2. Blaser MJ, Falkow S (2009) What are the consequences of the disappearing human
microbiota? Nat Rev Microbiol 7(12):887–894.
3. Strachan DP (1989) Hay fever, hygiene, and household size. BMJ 299(6710):
1259–1260.
4. Amberbir A, et al. (2011) Effects of Helicobacter pylori, geohelminth infection and
selected commensal bacteria on the risk of allergic disease and sensitization in 3-year-
old Ethiopian children. Clin Exp Allergy 41(10):1422–1430.
5. Chen Y, Blaser MJ (2007) Inverse associations of Helicobacter pylori with asthma and
allergy. Arch Intern Med 167(8):821–827.
6. Chen Y, Blaser MJ (2008) Helicobacter pylori colonization is inversely associated with
childhood asthma. J Infect Dis 198(4):553–560.
7. Reibman J, et al. (2008) Asthma is inversely associated with Helicobacter pylori status
in an urban population. PLoS ONE 3(12):e4060.
8. Herbarth O, et al. (2007) Helicobacter pylori colonisation and eczema. J Epidemiol
Community Health 61(7):638–640.
9. Arnold IC, et al. (2011) Helicobacter pylori infection prevents allergic asthma in mouse
models through the induction of regulatory T cells. J Clin Invest 121(8):3088–3093.
10. Oertli M, et al. (2012) DC-derived IL-18 drives Treg differentiation, murine Heli-
cobacter pylori-specific immune tolerance, and asthma protection. J Clin Invest 122(3):
1082–1096.
11. Salama NR, Hartung ML, Müller A (2013) Life in the human stomach: Persistence
strategies of the bacterial pathogen Helicobacter pylori. Nat Rev Microbiol 11(6):
385–399.
12. Marshall BJ, Warren JR (1984) Unidentified curved bacilli in the stomach of patients
with gastritis and peptic ulceration. Lancet 1(8390):1311–1315.
13. Parsonnet J, et al. (1991) Helicobacter pylori infection and the risk of gastric carci-
noma. N Engl J Med 325(16):1127–1131.
14. Rad R, et al. (2009) Extracellular and intracellular pattern recognition receptors
cooperate in the recognition of Helicobacter pylori. Gastroenterology 136(7):
2247–2257.
15. Sayi A, et al. (2011) TLR-2-activated B cells suppress Helicobacter-induced preneo-
plastic gastric immunopathology by inducing T regulatory-1 cells. J Immunol 186(2):
878–890.
16. Arnold IC, et al. (2011) Tolerance rather than immunity protects from Helicobacter
pylori-induced gastric preneoplasia. Gastroenterology 140(1):199–209.
17. Ismail HF, Fick P, Zhang J, Lynch RG, Berg DJ (2003) Depletion of neutrophils in
IL-10(-/-) mice delays clearance of gastric Helicobacter infection and decreases the
Th1 immune response to Helicobacter. J Immunol 170(7):3782–3789.
18. Edelson BT, et al. (2010) Peripheral CD103+ dendritic cells form a unified subset de-
velopmentally related to CD8alpha+ conventional dendritic cells. J Exp Med 207(4):
823–836.
19. Oertli M, et al. (2013) Helicobacter pylori γ-glutamyl transpeptidase and vacuolating
cytotoxin promote gastric persistence and immune tolerance. Proc Natl Acad Sci USA
110(8):3047–3052.
20. Vinion-Dubiel AD, et al. (1999) A dominant negative mutant of Helicobacter pylori
vacuolating toxin (VacA) inhibits VacA-induced cell vacuolation. J Biol Chem 274(53):
37736–37742.
21. Arnold B, Schüler T, Hämmerling GJ (2005) Control of peripheral T-lymphocyte tol-
erance in neonates and adults. Trends Immunol 26(8):406–411.
22. Hitzler I, et al. (2012) Caspase-1 has both proinflammatory and regulatory properties
in Helicobacter infections, which are differentially mediated by its substrates IL-1β
and IL-18. J Immunol 188(8):3594–3602.
23. Chevalier C, Thiberge JM, Ferrero RL, Labigne A (1999) Essential role of Helicobacter
pylori gamma-glutamyltranspeptidase for the colonization of the gastric mucosa of
mice. Mol Microbiol 31(5):1359–1372.
24. Cover TL, Blaser MJ (1992) Purification and characterization of the vacuolating toxin
from Helicobacter pylori. J Biol Chem 267(15):10570–10575.
25. Cover TL, Hanson PI, Heuser JE (1997) Acid-induced dissociation of VacA, the Heli-
cobacter pylori vacuolating cytotoxin, reveals its pattern of assembly. J Cell Biol
138(4):759–769.
Engler et al. PNAS | August 12, 2014 | vol. 111 | no. 32 | 11815
M
IC
R
O
B
IO
L
O
G
Y
Results	
	 41	
	
Supporting Information
Engler et al. 10.1073/pnas.1410579111
SI Materials and Methods
Lung Single Cell Preparation, Flow Cytometry, and Th2 Cytokine
ELISAs. Lungs were dissected, enzymatically digested with 0.5
mg/mL collagenase type IA (Sigma-Aldrich) and pushed through
a 70-μm nylon cell strainer. The antibodies used for staining were
anti-MHCII (clone M5/114.15.2), anti-B220 (RA3-6B2), anti-
CD11c (clone HL3), anti-CD103 (clone M290), and anti-CD11b
(clone M1/70; all BD Pharmingen). FACS analyses were per-
formed on a FACSCanto2 cytometer (BD Biosciences); post-
acquisition analysis was done using FlowJo software (Tree Star).
Cytokines in lung single-cell cultures restimulated for 72 h with
250 μg/mL ovalbumin were quantified by ELISA (IL-5, BD
Pharmingen; IL-13, R&D Systems).
Preparation of Murine and Human DCs and IL-10 ELISA. For generation
of murine bone-marrow-derived dendritic cells (BM-DCs), bone
marrow isolated from the hind legs of donor mice (BL/6.TLR2−/−,
BL/6.TLR4−/−, BL/6.MyD88−/− mice, all from Jackson Labs) was
seeded at 50,000 cells per well in 96-well plates in RPMI/10%
(vol/vol) FCS and 4 ng/mL GM-CSF and cultured for 5 d. For
the isolation of MLN-DCs, mesenteric lymph nodes were digested
in 1 mg/mL collagenase (Sigma-Aldrich) for 30 min at 37 °C with
shaking before filtering through a cell strainer (40 μm; BD Bio-
sciences) and immunomagnetic isolation of DCs using mouse-
specific CD11c microbeads (Miltenyi Biotec). BM-DCs and MLN-
DCs were stimulated with the indicated amounts of Helicobacter
pylori PMSS1 extract for 16 h, and supernatants were subjected to
mIL-10 ELISA (BD Pharmingen). Human monocyte-derived
dendritic cells were generated from peripheral blood mononuclear
cells. Venous blood was drawn from six healthy volunteers ac-
cording to protocols approved by the Institutional Review
Board of Leiden University Medical Center. Cells were col-
lected after density gradient centrifugation on Ficoll, and
CD14+ monocytes were positively isolated by magnetic-acti-
vated cell sorting (MACS) using CD14 microbeads (Miltenyi
Biotec). Cells were cultured in RPMI-1640 (Invitrogen) supple-
mented with penicillin (100 U/mL, Astellas Pharma), streptomycin
(100 μg/mL, Sigma), pyruvate (1 mM, Sigma), glutamate (2 mM,
Sigma), 10% FCS, 20 ng/mL human recombinant granulocyte-
macrophage colony-stimulating factor (rGM-CSF, Invitrogen/
Life Technologies), and 0.86 ng/mL human rIL-4 (R&D Sys-
tems) for 6 d. On day 3, the medium and the supplements
were refreshed. Monocyte-derived DCs were stimulated with
H. pylori extract for 48 h. Secretion of IL-10 by the DCs in the
supernatant was measured by ELISA (Sanquin).
DC/T-Cell Cocultures. For Treg differentiation ex vivo, BM-DC
cultures were infected overnight with wild-type H. pylori PMSS1
or treated with 25 μg/mL H. pylori extract. Bacteria were killed
with 200 U penicillin/0.2 mg streptomycin/mL for 6 h before the
addition of T cells. CD4+CD25− T cells were prepared from single-
cell suspensions of naive C57BL/6 spleens by immunomagnetic
sorting (R&D Systems). DCs were cocultured with CD4+CD25−
T cells at a ratio of 1:2 (0.5 × 105 DC to 1 × 105 T cells) in RPMI
containing 10% FCS, 10 ng/mL rTGF-β (PeproTech), 10 ng/mL
rIL-2 (R&D Systems) and 1 μg/mL anti-CD3e (BD Bioscience).
After 72 h of coculture, the cells were stained first for CD4 and
CD25 and then, after fixation and permeabilization, for FoxP3
(FoxP3-APC, eBioscience). The percentage of FoxP3+ CD4+
T cells was assessed by FACS on a Cyan ADP 9 instrument
(Beckman Coulter) and analyzed using FlowJo software
(TreeStar).
Processing of Gastric Tissue for Plating and Colony Counting. Stom-
achs were retrieved and dissected longitudinally. For the quan-
titative assessment of H. pylori colonization, a stomach section
containing representative amounts of antral and corpus tissue
was homogenized in Brucella broth and serial dilutions were
plated on horse blood plates for colony counting as described (1).
1. Arnold IC, et al. (2011) Tolerance rather than immunity protects from Helicobacter pylori-
induced gastric preneoplasia. Gastroenterology 140(1):199–209.
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Fig. S1. The protection against asthma conferred by treatment with whole cell extract is specific to H. pylori, depends on a heat-sensitive component of the
bacteria, and is most efficient when initiated in newborn mice. (A–E) Mice were sensitized i.p. with alum-adjuvanted ovalbumin at 8 and 10 wk of age and
challenged with aerosolized ovalbumin 2 wk after the second sensitization to induce asthma-like symptoms. Mock-sensitized mice served as negative controls.
One group received once-weekly doses of 200 μg of H. pylori extract from day 7 of age until the second sensitization. (A–D) Airway hyperresponsiveness in
response to the indicated increasing doses of methacholine. (E) Ovalbumin-specific serum IgE titers of the groups shown in A–D. (F–I) Mice were treated as
described in A–E, with the following modifications: Hpneo, extract administered orally from day 7 to the second sensitization, exactly as described above; Hpi.p.,
extract administered i.p. from day 7 to the second sensitization; Hpad, extract administered orally to adult mice for 4 wk before the second sensitization; Hp4x,
extract administered four times orally in the first 3 wk of life only; Hph.i., heat-inactivated extract administered orally from day 7 to the second sensitization;
Stneo/ad, Ecneo, Salmonella typhimurium and Escherichia coli extract administered orally either beginning in the neonatal period or to adults, respectively. (F and
G) Total cells and eosinophils contained in 1 mL of BALF. (H and I) Tissue inflammation and goblet cell metaplasia. Data points are pooled from two in-
dependent studies.
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Fig. S2. The protection against asthma conferred by H. pylori depends on IL-10 and IL-18, but not on regulatory T cells. (A) CD11c-Cre.IL-10fl/fl mice and their
IL-10fl/fl littermates were treated with H. pylori extract before being subjected to ovalbumin sensitization and challenge as described in Fig. 2 G–J. IL-10 se-
cretion by single cell lung preparations restimulated with ovalbumin, as assessed by ELISA. (B–E) WT C57BL/6 and IL-18R−/− mice were neonatally infected with
H. pylori or treated with H. pylori extract before being subjected to ovalbumin sensitization and challenge as described in Fig. 1. (B and C) Total cells and
eosinophils contained in 1 mL of BALF. (D and E) Tissue inflammation and goblet cell metaplasia. (F–J) Wild-type C57BL/6 mice were treated with H. pylori
extract before being subjected to ovalbumin sensitization and challenge. One group received two doses of anti-CD25 antibody during ovalbumin challenge.
Additional sensitized and challenged groups received 100,000 immunomagnetically isolated CD4+CD25+ T cells from either neonatally infected donors or
extract-treated donors i.v. 2 d before the first ovalbumin challenge. (F) Lung infiltration of CD4+CD25+FoxP3+ T cells as assessed in lung single cell preparations
of individual mice. (G and H) Total cells and eosinophils contained in 1 mL of BALF. (I and J) Tissue inflammation and goblet cell metaplasia. (K) BM-DCs were
either infected overnight with live H. pylori or treated with 25 μg/mL H. pylori extract. Bacteria were killed with antibiotics before the addition of splenic
CD4+CD25− T cells at a DC:T-cell ratio of 1:2. DC/T-cell cocultures were supplemented with rTGF-β, rIL-2and anti-CD3e. After 72 h of coculture, the cells were
stained for CD4, CD25, and FoxP3 and the fraction of FoxP3+ CD4+ T cells was assessed by FACS.
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Fig. S3. CD103+ conventional DCs accumulate in the lungs of H. pylori-infected and extract-treated wild-type mice, but not basic leucine zipper ATF-like 3
(BATF3)−/− mice. (A–D) Total cells and eosinophils contained in 1 mL of BALF, as well as tissue inflammation and goblet cell metaplasia as assessed on H&E and
PAS-stained tissue sections, of all mice for which lung DC populations are shown in Fig. 3 A–G. (E) Plasmacytoid DCs (pDCs) and conventional DCs (cDCs)
differentially express B220; a representative scatter plot is shown for all CD11c+ MHCII+ DCs of an extract-treated mouse. (F) Total numbers of B220+ pDCs
infiltrating the lungs of the mice shown in Fig. 3 A–G. (G) Two distinct cDC lineages can be discriminated in the lung based on CD103 and CD11b expression;
a representative scatter plot is shown for an extract-treated mouse (gated on CD11c+MHCII+ B220− DCs). (H) Total CD103+ cDC infiltration into the lungs of the
mice shown in Fig. 3 A–G. (I and J) BATF3−/− mice lack CD103+ cDCs, but retain CD11b+ cDCs and normal frequencies of pDCs. (K) H. pylori colonization of
neonatally infected WT C57BL/6 and BATF3−/− mice as determined by plating of gastric mucosal homogenates on horse blood plates and colony counting.
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Fig. S4. VacA protects against allergic asthma when administered intraperitoneally or intragastrically. (A–E) Mice were i.p. injected weekly with 25 μg per
dose of either recombinant GGT or purified wild-type or mutant (Δ6–27) VacA starting on day 7 of age until the second sensitization as described in Fig. 4 E–H
(a subset of the mice of Fig. 4 E–H is shown here). (A and B) IL-13 and IL-5 secretion, as assessed by ELISA, of single cell lung preparations restimulated with
ovalbumin. (C and D) Frequencies of CD103+ and CD11b+ cells among all CD11c+MHC+B220− cDCs infiltrating the lungs of the indicated groups of mice. (E)
Ratios of CD11b+ and CD103+ cDCs as calculated per mouse. (F and G) Purified wild-type VacA was either administered intraperitoneally (i.p.) or intragastrically
(p.o.) as indicated. Mice received either 5 μg or 20 μg of VacA (as indicated), either from age day 7 onwards until 2 wk before challenge (as indicated by
subscript “a”) or three doses only (delivered in weeks 1, 2, and 3 of life, denoted by subscript “b”) or as adults (denoted by subscript “c”). Two doses of IL-10R
blocking antibody were administered during challenge where indicated. (F and G) Total cells and eosinophils contained in 1 mL of BALF. (H and I) Tissue
inflammation and goblet cell metaplasia. Three doses of VacA delivered before weaning were insufficient to provide full protection (“b”). Treatment of adults
was almost as protective as neonatal-onset treatment (compare “c” and “a”; note that the total cell count in the adult-treated group is inconsistent with the
other three readouts for reasons that are not clear); the 5-μg and 20-μg doses provided similar levels of protection; blocking IL-10 signaling abrogated
protection.
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Introduction
Persistent infection of the gastric mucosa with H. pylori causes 
gastritis (1) and represents a major risk factor for the development 
of gastric cancer (2) but has also been inversely linked to the risk 
of allergic and chronic inflammatory diseases (3, 4). The outcome 
of the H. pylori/host interaction is determined both by host and 
bacterial genetic factors (5) as well as the infected individual’s pre-
dominant T cell response to H. pylori: whereas asymptomatic carri-
ers generate H. pylori–specific Tregs, patients with peptic ulcer are 
characterized by Th1/Th2-biased, pathogenic T effector responses 
(6). Treg-predominant responses are particularly pronounced 
in children (7) and can be recapitulated in experimental models 
of neonatal H. pylori infection (8), in which they are required for 
protection against allergen-induced asthma (9). H. pylori acti-
vates caspase-1 (CASP1) in infected macrophages and DCs and 
induces the processing and secretion of the CASP1-dependent 
cytokines IL-1β and IL-18 by triggering the assembly and activa-
tion of an ASC- and NLRP3-containing inflammasome (10–12). 
CASP1 activation by H. pylori has both proinflammatory and anti-
inflammatory consequences that are differentially mediated by its 
cytokine substrates (10). IL-1β exerts proinflammatory effects that 
promote Th1- and Th17-driven H. pylori control and gastric immu-
nopathology (10, 11); in contrast, IL-18 signaling restricts severe 
gastric immunopathology and contributes to asthma protection 
by promoting Treg differentiation (10, 13). Here, we show using in 
vitro and in vivo infection models that NLRP3 inflammasome acti-
vation by H. pylori requires licensing through TLR2. A saturating 
transposon (tn) library screen revealed a critical and previously 
unrecognized role for H. pylori’s urease enzyme in promoting the 
TLR2-dependent transcriptional activation of NLRP3 expression, 
CASP1 activation, and cytokine processing as well as Treg differ-
entiation and asthma protection.
Results and Discussion
H. pylori activates CASP1 and induces IL-1β secretion by DCs in an 
ASC-, NLRP3-, and TLR2-dependent manner. Having shown pre-
viously that H. pylori exposure activates CASP1 and induces the 
secretion of mature IL-1β and IL-18 in bone marrow–derived DCs 
(BMDCs) (10), we sought to identify host determinants of inflam-
masome activation by H. pylori. BMDCs from WT, Nlrc4–/–, Nlrp6–/–, 
Nlrp3–/–, Aim2–/–, and Asc–/– mice, and from mice lacking various 
TLRs and adaptor molecules, were cocultured with two different 
strains of H. pylori and examined with respect to CASP1 activation 
and IL-1β secretion. Whereas the inflammasome sensors NLRC4, 
NLRP6, and AIM2 were dispensable for CASP1 activation and IL-1β 
secretion, both processes were found to be dependent on the bipar-
tite adaptor protein ASC as well as the cytoplasmic inflammasome 
sensor NLRP3 (Figure 1, A–D, and Supplemental Figure 1, A–E; sup-
plemental material available online with this article; doi:10.1172/
JCI79337DS1). Surprisingly, we found that CASP1 activation and 
IL-1β secretion, but not the transcriptional activation of IL-1β, 
required surface-exposed TLR2 (Figure 1, E–G). Other surface and 
endosomal TLRs known to contribute to innate immune recog-
nition of Gram-negative pathogens, i.e., TLR4, TLR5, and TLR9 
or the IL-1 receptor, were not required for IL-1β secretion (Figure 
1, E–G, and Supplemental Figure 2, A–I). Similarly, we could not 
Inflammasome activation and caspase-1–dependent (CASP1-dependent) processing and secretion of IL-1β and IL-18 are critical 
events at the interface of the bacterial pathogen Helicobacter pylori with its host. Whereas IL-1β promotes Th1 and Th17 
responses and gastric immunopathology, IL-18 is required for Treg differentiation, H. pylori persistence, and protection against 
allergic asthma, which is a hallmark of H. pylori–infected mice and humans. Here, we show that inflammasome activation 
in DCs requires the cytoplasmic sensor NLRP3 as well as induction of TLR2 signaling by H. pylori. Screening of an H. pylori 
transposon mutant library revealed that pro–IL-1β expression is induced by LPS from H. pylori, while the urease B subunit 
(UreB) is required for NLRP3 inflammasome licensing. UreB activates the TLR2-dependent expression of NLRP3, which 
represents a rate-limiting step in NLRP3 inflammasome assembly. ureB-deficient H. pylori mutants were defective for CASP1 
activation in murine bone marrow–derived DCs, splenic DCs, and human blood-derived DCs. Despite colonizing the murine 
stomach, ureB mutants failed to induce IL-1β and IL-18 secretion and to promote Treg responses. Unlike WT H. pylori, ureB 
mutants were incapable of conferring protection against allergen-induced asthma in murine models. Together, these results 
indicate that the TLR2/NLRP3/CASP1/IL-18 axis is critical to H. pylori–specific immune regulation.
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lower levels and exhibited higher gastric mucosal IFN-Ȗ expression 
(Figure 1, J and K), which correlates well with higher frequencies 
of IFN-Ȗ–expressing CD4+ T cells in the mesenteric lymph nodes 
(MLNs) of Tlr2–/– mice relative to those in WT mice (Supplemental 
Figure 2T). The combined results suggest that H. pylori activates 
the inflammasome in a TLR2- and NLRP3-dependent manner and 
benefits from this process because it promotes H. pylori persistence.
Genome-wide screening for factors involved in IL-1β secretion 
reveals a role for H. pylori LPS and urease. Known activators of the 
NLRP3 inflammasome include both foreign and endogenous 
compounds, with the best-understood being urate crystals, asbes-
tos, ATP, and bacterial pore-forming toxins (15). We were able 
to exclude a role for the H. pylori immunomodulator Ȗ-glutamyl- 
transpeptidase GGT and the Cag pathogenicity island in CASP1 
activation and IL-1β secretion (Supplemental Figure 3, A and B). 
To search for H. pylori factors involved in inflammasome activa-
tion in a genome-wide manner, we took advantage of a previously 
described tn mutant library (16). As IL-1β secretion by H. pylori–
detect a contribution of the Nod-like receptor NOD2 or of the ATP 
sensor P2X7R to these processes (Supplemental Figure 2, J–L). Of 
two known adaptor molecules relaying signals downstream of the 
TLRs, only MyD88, but not TRIF, was involved in IL-1β expression 
and secretion (Figure 1, E–G, and Supplemental Figure 2, M and N). 
A recently identified noncanonical inflammasome activation path-
way involving TRIF- and IRF3/7-mediated type I IFN production 
and signaling (14) was dispensable for H. pylori–induced inflam-
masome activation (Supplemental Figure 2, N–R). The critical role 
of TLR2, MyD88, and NLRP3 in H. pylori–induced IL-1β secretion 
was confirmed with immunomagnetically isolated CD11c+ splenic 
DCs (Figure 1H and Supplemental Figure 2S). IL-18 secretion by 
splenic DCs also required TLR2 and NLRP3 (Figure 1I).
CASP1–/– mice, and mice lacking either IL-18 or its receptor, 
control Helicobacter infections more effectively than WT animals, 
because they fail to peripherally induce Tregs (10, 13). Experimen-
tal infection of Nlrp3–/– and Tlr2–/– mice with the H. pylori isolate 
PMSS1 recapitulates this phenotype: both strains were colonized at 
Figure 1. CASP1 activation by H. pylori depends on NLRP3, ASC, and TLR2.  (A–G) BMDCs from mice of the indicated genotypes were infected overnight 
with H. pylori NSH57, G27, and/or PMSS1. (A, C, and E) Western blot analysis of CASP1 activation (p10) in the cell supernatant compared to full-length 
CASP1 p45 and GAPDH in the extract. Representative results of 3 independent experiments are shown (n = 3). (B, D, and F) IL-1β ELISA of culture superna-
tants; cells were prestimulated with E. coli LPS prior to infection. Uninf, uninfected. (G) Il1b transcription, as measured by qRT-PCR (normalized to Gapdh 
and to uninfected controls). Mean + SD of 3 independent experiments is shown (n = 3). (H and I) CD11c+ splenic DCs were infected overnight with G27. (H) 
IL-1β and (I) IL-18 secretion was measured by ELISA. Representative data of 3 independent experiments are shown (n = 3). (J and K) Mice were infected for 
1 month with PMSS1 prior to the quantification of (J) gastric colonization and (K) Ifng expression. Pooled data from 2 studies are shown (n = 2). Horizontal 
lines indicate medians. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, Mann-Whitney U test. Error bars represent mean + SD.
Downloaded from http://www.jci.org on March 19, 2017.   https://doi.org/10.1172/JCI79337
Results	
	 49	
	
The Journal of Clinical Investigation   B R I E F  R E P O R T
3 2 9 9jci.org   Volume 125   Number 8   August 2015
B and C). IL-1β expression upon stimulation with both types of LPS 
was MyD88- and TLR4-dependent (Supplemental Figure 4D).
Remarkably, of the 8 tn insertions mapping to the urease 
gene cluster, all affected 2 genes encoding the structural urease 
subunits, ureA or ureB (Supplemental Table 1). A gene-specific 
deletion mutant lacking both UreA and UreB proteins (G27ǻure, 
Supplemental Figure 5A) phenocopied the effect of the tn inser-
tion mutants, which could be attributed to its failure to activate 
CASP1 (Figure 2, C and D). In contrast, Il1b transcription was nor-
mal (Figure 2E). Coculturing of murine splenic CD11c+ DCs and 
human blood-derived DCs confirmed the defect of the H. pylori 
ǻure and ǻ146 mutants with respect to IL-1β secretion; in contrast, 
the secretion of IL-18, which does not require transcriptional acti-
vation, was almost at WT levels in the case of the ǻ146 mutant 
(Figure 2, F–H). In summary, our screen identified H. pylori factors 
regulating CASP1-dependent cytokine secretion at two distinct 
levels, one transcriptional and one posttranslational.
exposed DCs is dependent on CASP1 (10), we opted for IL-1β ELISA 
as a screening readout (Supplemental Figure 3C). The insertion 
sites of 64 mutants with defects in inducing IL-1β secretion (<25% 
of the corresponding WT infection) were sequenced and mapped 
to 32 different loci (Supplemental Table 1). Loci belonging to two 
mutant categories were identified repeatedly; these harbored tn 
insertions in genes involved in LPS biosynthesis and in the urease 
gene cluster (Figure 2, A and B). The LPS synthesis gene hit most 
often was LPS-1,2-glycosyltransferase (HPG27_146). LPS from 
H. pylori deficient for this gene lack the O-side chain and there-
fore Lewis antigens (Supplemental Figure 4A). A gene-specific 
deletion mutant (ǻ146) in strain G27 recapitulated the tn mutant 
phenotype, as it failed to induce IL-1β secretion in BMDCs (Figure 
2C). The phenotype of this mutant was attributable to its failure 
to induce pro–IL-1β expression at the transcriptional level, rather 
than to a defect in CASP1 activation, and could be rescued by 
E. coli or H. pylori LPS (Figure 2, C–E, and Supplemental Figure 4, 
Figure 2. IL-1β secretion upon H. pylori infection requires LPS-induced transcriptional activation of pro–IL-1β and urease- and TLR2-dependent 
expression of NLRP3.  (A) Genome-wide screening for H. pylori tn mutants incapable of IL-1β secretion identifies the indicated mutant categories. R-M, 
restriction modification. (B) Relative IL-1β secretion of individual tn clones with insertions in ureA, ureB, and HPG27_146. (C–E and I–M) Murine BMDCs,  
(F and G) splenic CD11c+ DCs, and (H) human blood-derived DCs were infected overnight or for the indicated time points with G27 WT, ǻure, or ǻ146 
strains of H. pylori and analyzed by (C, F, H, K, and M) IL-1β ELISA; (G) IL-18 ELISA; (D, J, and L) CASP1 p10 and p45, pro–IL-1β, and NLRP3 Western blot-
ting; and (E and I) qRT-PCR (normalized to Gapdh and to uninfected controls). BMDCs were prestimulated with E. coli LPS where indicated, and 1 ȝg/ml 
recombinant GST-tagged UreA, UreB (native or heat-inactivated [HI] for 10 minutes at 70°C), or GST was added to cocultures as noted. Pooled data from 
3 to 4 independent experiments are show in C, E, I, K, and M; a representative of 2 experiments is shown in F–H. *P ≤ 0.05, **P ≤ 0.01, Mann-Whitney U 
test. Error bars represent mean + SD.
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no effect on the two processes (Figure 2M and data not shown). 
Taken together, the results suggest that UreB signals via TLR2 to 
prime NLRP3 expression, which appears to be a rate-limiting step 
in H. pylori–induced inflammasome activation and IL-1β process-
ing. This is particularly interesting because TLR2 has not yet been 
described to be activated by bacterial (non-lipo-) proteins.
H. pylori urease is required for CASP1 activation, Treg responses, 
and asthma protection in vivo. To investigate the consequences of 
LPS and urease deficiency in vivo, ǻure and ǻ146 mutants were 
generated in the mouse-colonizing strains PMSS1 and/or SS1 and 
used for experimental infections of adult or neonatal C57BL/6 
mice. Whereas ǻ146 failed to colonize under all circumstances 
(data not shown), the PMSS1ǻure mutant colonized adult infected 
mice at WT levels for at least 3 months, without evidence of 
having regained urease expression (Supplemental Figure 6, A 
and B). In contrast, SS1ǻure consistently failed to colonize (data 
Given the similarities in outcome of TLR2 deficiency of the 
host on the one hand and urease deficiency of the bacteria on 
the other (i.e., lack of CASP1 activation), we hypothesized that H. 
pylori urease might provide a TLR2-mediated signal to promote 
inflammasome/CASP1 activation. As NLRP3 expression can be 
primed by TLR signaling, we asked whether NLRP3 transcript 
and protein levels in BMDCs are affected by H. pylori exposure. 
Indeed, WT H. pylori infection efficiently induced NLRP3, but not 
AIM2 or NLRC4, expression at the transcript and protein levels in 
a TLR2-, MyD88-, and NF-țB–dependent manner; this was not 
observed in BMDCs infected with ǻure H. pylori (Figure 2, I and J; 
Supplemental Figure 5, B–H; and data not shown). Interestingly, 
the defect of the ǻure mutant with respect to CASP1 activation and 
IL-1β secretion could be rescued by recombinant UreB, but not 
UreA or the GST tag control; this effect was only seen in WT, but 
not in Tlr2–/–, BMDCs (Figure 2, K–M). Heat-inactivated UreB had 
Figure 3. H. pylori urease is required for CASP1 activation, persistence, and asthma protection in neonatally infected mice. (A–E) Neonatal C57BL/6 
mice were infected for 1 month with WT or ǻure H. pylori PMSS1 and assessed with respect to (A) gastric colonization, (B) gastric mucosal NLRP3 and 
CASP1 (asterisk indicates the NLRP3-specific band), (C) Nlrp3 expression, (D) IL-18, and (E) Ifng expression, as analyzed by (B) Western blotting, (D) ELISA, 
and/or (C and E) qRT-PCR. (F–M) Neonatally infected mice were additionally sensitized and challenged (s.c.) with (F–I) ovalbumin or (J–M) house dust mite 
(HDM) allergen starting at 4 weeks after infection to induce allergic asthma; ĮIL-18 mAb was administered weekly starting at the time of infection. Inf, 
infection. (F and J) Eosinophils in 1 ml of bronchoalveolar lavage fluid (BALF). (G) IL-5 ELISA of ovalbumin-restimulated lung single cell preparations.  
(H and L) Lung inflammation, as assessed on H&E-stained sections. (I and M) Goblet cell metaplasia, as quantified on PAS-stained sections. BM, base-
ment membrane. (K) House dust mite–specific serum IgE, as determined by ELISA. (N) H. pylori colonization of WT, Tlr2–/–, and Nlrp3–/– mice 1 month after 
infection. Symbols represent individual animals, and horizontal lines indicate the medians. Pooled data from 2 (A–E and N) and 3 (F–M) independent 
experiments are shown. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, Mann-Whitney U test.
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plemental Figure 8). Infection with urease gene deletion mutants 
phenocopies the effects of TLR2 and NLRP3 deficiency. The com-
bined results confirm a critical contribution of the TLR2/NLRP3/
CASP1/IL-18 axis to microbially induced immune regulation and 
introduce the H. pylori urease as a novel immunomodulator of this 
important human pathobiont.
Methods
Animal experimentation. C57BL/6 WT, Casp1–/–, Tlr2–/–, Tlr4–/–, Tlr5–/–, 
Tlr9–/–, Myd88–/–, Trif–/–, Nlrp3–/–, Ifnar–/–, Irf7–/–, Nod2–/–, P2rx7–/–, and 
Aim2–/– mice were originally obtained from Charles River Labora-
tories. Nlrc4–/– and Asc–/– mice were provided by Genentech. Nlrp6–/– 
mice were provided by Millenium Pharmaceuticals. Il1r–/– mice were 
provided by Manfred Kopf. Mice were infected orally with 108 CFU 
H. pylori PMSS1 at 6 weeks or 7 days of age. Bacterial colonization 
was assessed by colony counting. The procedures used for asthma 
induction and cytokine quantification by qPCR, ELISA, and FACS are 
described in the Supplemental Methods.
H. pylori strains, infection of DCs, and tn library screening. H. pylori 
strains and culture conditions as well as the procedures used for the dif-
ferentiation and immunomagnetic isolation of DCs and for tn library 
screening are described in the Supplemental Methods, along with pro-
tocols for Western blotting and purification of recombinant proteins.
Statistics. GraphPad Prism (GraphPad Software) was used for statis-
tical analyses. All P values were calculated by Mann-Whitney U test.
Study approval. All animal experimentation was reviewed and 
approved by the Veterinary Office of the canton of Zurich (Zurich, 
Switzerland) (licenses 24/2013 and 170/2014 to A. Müller).
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not shown), confirming that urease proficiency is required for 
mouse colonization in certain strain backgrounds (17). Interest-
ingly, PMSS1ǻure induced significantly less gastric production 
of IL-1β and IL-18 and less active CASP1 than the parental WT 
strain (Supplemental Figure 6, C–E). In line with the increased 
gastric IFN-Ȗ expression of Tlr2–/– and Nlrp3–/– animals (Figure 
1K), ǻure-infected mice exhibited higher gastric mucosal IFN-Ȗ 
expression and more IFN-Ȗ+CD4+ cells in the MLNs than infected 
WT animals (Supplemental Figure 6, F and G). A similar pattern 
was observed in neonatally infected animals, in which CASP1 acti-
vation, NLRP3 expression, and IL-18 secretion were also found to 
depend on urease proficiency of H. pylori; moreover, colonization 
levels of the ǻure mutant were strongly reduced relative to the 
WT strain in neonatally infected mice (Figure 3, A–D). As in adult 
infected mice, the ǻure mutant elicited higher Ifng expression 
(Figure 3E). Interestingly, H. pylori urease was further required 
for the efficient protection against allergen-induced asthma that 
is a hallmark of neonatally infected mice. All examined parame-
ters of ovalbumin-induced allergic asthma, i.e., bronchoalveolar 
eosinophilia, lung inflammation, and goblet cell metaplasia as 
well as pulmonary Th2 cytokine production, were clearly reduced 
in infected WT animals but not in ǻure-infected animals (Figure 
3, F–I, and Supplemental Figure 7A). Similar results were obtained 
in the house dust mite model of allergic asthma (Figure 3, J–M). 
Moreover, protection was abrogated by a blocking antibody tar-
geting IL-18 and in Tlr2–/– mice (Figure 3, J–M), which, similar to 
Nlrp3–/– mice, had a lower bacterial burden than WT mice (Fig-
ure 3N). Protection against ovalbumin-induced asthma could be 
adoptively transferred via immunomagnetically purified CD25+ 
Tregs from H. pylori infected WT donors but not ǻure-infected 
donors; Tregs from H. pylori infected WT Tlr2–/– and Nlrp3–/– ani-
mals also failed to confer protection (Supplemental Figure 7, B 
and C). The quantification of CD25+FoxP3+ Tregs in MLNs further 
revealed lower Treg frequencies in ǻure-infected mice relative to 
infected WT mice and Tlr2–/– mice relative to WT mice (Supple-
mental Figure 7, D and E). In summary, the findings described here 
document a previously unrecognized role of H. pylori urease in 
innate immune recognition and H. pylori persistence that presum-
ably is unrelated to its function in acid resistance. Here, we show 
that UreB promotes the TLR2-dependent expression of NLRP3, 
a critical component of the inflammasome that is required for 
CASP1 activation and IL-1β/IL-18 processing (see model in Sup-
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Supplemental Figures 
Supplemental Figure 1 
 
Suppl. Figure 1: IL-1β secretion by H. pylori-infected DCs depends on NLRP3 and ASC, but is 
independent of NLRC4, NLRP6 and AIM2. (A-E) BMDCs generated from mice of the indicated 
genotypes were infected overnight with H. pylori NSH57 and G27 at an MOI of 50, with or without 
prior E. coli LPS stimulation. (A and B) IL-1β ELISA of samples generated as shown in main Figure 
panels 1B and 1D, but without prior E. coli LPS stimulation. Pooled data of 3 independent 
experiments are shown (n=3). (C) WB analysis of caspase-1 activation (p10) in the cell supernatant 
compared to full length caspase-1 (p45) and GAPDH in the cell extract. One representative experiment 
of 3 is shown (n=3). (D and E) IL-1β ELISA of samples stimulated with 5ng/ml E. coli LPS for 3h 
prior to infection (D) or w/o prestimulation (E). Pooled data of 3 independent experiments (n=3) are 
shown. Data represent mean ± SD; statistics: Mann-Whitney U test. 
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Supplemental Figure 2 
 
Suppl. Figure 2: Caspase-1 activation and IL-1β secretion by H. pylori-infected DCs is 
independent of TLR5 and TLR9, IL-1R, Nod2, P2X7R and the TRIF-IRF7-IFNaR axis. (A-R) 
BMDCs generated from mice of the indicated genotypes were infected overnight at an MOI of 50 with 
H. pylori NSH57, G27, SS1 and/or PMSS1. (A, D, G, J, O and Q) WB analysis of caspase-1 
activation (p10) in the cell supernatant compared to actin expression in the cell extract. Lanes in the 
p10 WB in panels A, J and Q were run on the same gel, but were noncontiguous. (B, E, H, K, L, N, P 
and R) IL-1β secretion was analyzed by IL-1β ELISA of cell supernatants. (C, F, I and M) Il1b 
transcription was measured by qRT-PCR (normalized to Gapdh). (S) Il1b transcription in spleen DCs 
was measured by qRT-PCR and normalized to Gapdh and to uninfected controls. (T) MLN single cell 
suspensions derived from individual mice were re-stimulated with PMA/ionomycin and stained for 
IFNγ and CD4. Representative experiments are shown throughout (A-I, L, O, P and T: n=2); J and K: 
n=4; M, N, and Q-S: n=3).  Each symbol represents one mouse. Horizontal lines indicate the median; 
statistics: Mann-Whitney U test. 
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Supplemental Figure 3 
Suppl. Figure 3: IL-1β secretion by H. pylori-infected DCs is independent of known H. pylori 
virulence factors. (A and B) BMDCs generated from wild type mice were infected overnight with H. 
pylori G27 wild type and the indicated mutants and assessed with respect to caspase-1 activation (by 
quantification of Western blot signals for the p10 subunit, (A)) and IL-1β secretion (by ELISA, (B)). 
At least two and up to four experiment are pooled in A and B. Data represent mean ± SD. (C) 
Representative 96 well plate IL-1β ELISA result of the transposon mutant library screen, where all 
clones (in red) exhibiting IL-1β expression levels under the 75% reduction cut-off (indicated by the 
horizontal line) were selected for a second round of analysis.  
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Supplemental Figure 4 
 
Suppl. Figure 4: H. pylori LPS induces the transcription of Il1b via TLR4 and MyD88. (A) 
Western blot of Lewis antigen expression of wild type G27 and the ∆146 mutant strain. One 
representative blot of 3 is shown (n=3). (B) Wild type BMDCs were infected overnight with H. pylori 
G27 wild type and the ∆146 mutant in the absence or presence of 1µg/ml purified H. pylori LPS, and 
assessed with respect to IL-1β secretion by ELISA. Pooled data of 3 independent experiments are 
shown (n=3). Data represent mean ± SD; statistics: Mann-Whitney U test. (C) BMDCs were treated as 
described in B and analyzed for proIL-1β expression by Western blotting of cell extract (lanes were 
run on the same gel, but are not contiguous). One representative experiment of 2 is shown (n=2). (D) 
Wild type, Myd88-/- and Tlr4-/- BMDCs were treated overnight with either purified E. coli or H. pylori 
LPS at the indicated concentrations and assessed with respect to Il1b expression by qRT-PCR 
(samples were normalized to Gapdh). One representative experiment of 2 is shown (n=2). 
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Supplemental Figure 5 
 
Suppl. Figure 5: Urease-proficient H. pylori induces the transcription of Nlrp3, but not of Aim2 
and Nlrc4, via TLR2, MyD88 and NF-κB. (A) UreA- and UreB-specific Western blot of extracts 
generated from PMSS1 and G27 wild type and ∆ure strains. One representative blot of 3 is shown 
(n=3). (B-H) BMDCs of the indicated genotypes were infected overnight with H. pylori G27 wild type 
and the ∆ure mutant as indicated and assessed with respect to IL-1β secretion by ELISA, and proIL-
1β, AIM2, NLRC4 and NLRP3 expression by Western blotting and/or qRT-PCR. (B) IL-1β ELISA of 
the 24h-infected samples shown in Figure 2I, along with parallel samples that were additionally pre-
stimulated with E. coli LPS for 3h. Pooled data of 3 independent experiments are shown (n=3). (C and 
D) qRT-PCR for Aim2 (C) and Nlrc4 (D) of the samples shown in Figure 2I. Pooled data of 4 
independent experiments are shown (n=4). (E-G) Wild type BMDCs were treated with DMSO or the 
NF-κB inhibitor BAY11 for 1h prior to infection with wild type G27. Transcription of Nlrp3 (E) and 
Il1b (F) was analyzed at the indicated time points using qRT-PCR (normalized to Gapdh and to 
completely untreated, uninfected controls). Pooled data of 3 independent experiments are shown in E 
and F (n=3). (G) NLRP3 and proIL-1β expression as analyzed by Western blotting of cell extracts 
relative to actin as loading control. One representative experiment of 3 is shown (n=3). (H) WT, Tlr2-/- 
and Myd88-/- BMDCs were infected for the indicated time points with wild type G27; NLRP3 and 
proIL-1β expression was analyzed by Western blotting of cell extracts relative to actin as loading 
control. One representative experiment of 3 is shown (n=3). Data in B-F represent mean ± SD; 
statistics: Mann-Whitney U test. 
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Supplemental Figure 6 
 
Suppl. Figure 6: H. pylori urease is required for inflammasome activation in adult-infected mice. 
(A-G) Mice were infected at 6 weeks of age with H. pylori PMSS1 wild type or the ∆ure mutant. (A) 
Gastric H. pylori colonization at the indicated time points post infection, as determined by plating and 
colony counting. (B) UreA- and UreB-specific Western blot of H. pylori re-isolates recovered after 28 
days of infection. Each lane represents pooled re-isolates from one animal. (C and D) IL-1β (C) and 
IL-18 (D) ELISA of gastric mucosal homogenates obtained at the indicated time points post infection. 
Each symbol represents one animal. (E) Western blotting analysis of activated caspase-1 p10, full-
length caspase-1 p45 and actin as loading control of gastric mucosal homogenates after 28 days of 
infection. Each lane represents one animal. (F) Ifng expression in the gastric mucosa after 90 days of 
infection, as measured by qRT-PCR and normalized to Gapdh. (G) MLN single cell suspensions 
derived from individual mice were re-stimulated with PMA/ionomycin and stained for IFNγ and CD4. 
Each symbol represents one mouse. Horizontal lines indicate the median; statistics: Mann-Whitney U 
test. Pooled data from 2 independent experiments are shown throughout (n=2); note that for technical 
reasons not every parameter could be analyzed for each mouse. 
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Supplemental Figure 7 
 
Suppl. Figure 7: TLR2, NLRP3 and H. pylori urease are required for the generation of asthma-
suppressing Tregs. (A) Representative images of H&E- (upper panel, magnification 100x) and PAS- 
(lower panel, magnification 400x) stained sections of the lungs described and scored in main Figure 
3H and 3I. (B and C) Neonatal wild type, Tlr2-/- and Nlrp3-/- mice were infected with either wild type 
PMSS1 or its ∆ure mutant for 28 days. CD4+CD25+ Tregs were immunomagnetically isolated from 
Peyer’s patches and MLNs of these donor mice and adoptively transferred i.v. to ovalbumin-sensitized 
wild type recipients one day before ovalbumin challenge (s/c, sensitized/challenged). Lung 
inflammation (B) and goblet cell metaplasia (C) was quantified on H&E- and PAS-stained tissue 
sections, respectively (BM, basement membrane). Pooled data of 3 experiments are shown (n=3). (D 
and E) Neonatal wild type and Tlr2-/- mice were infected with either wild type PMSS1 or the ∆ure 
mutant for 28 days. MLNs were isolated and stained for CD4, CD25 and FoxP3. Representative FACS 
plots of the CD4+ gate (D) are shown along with quantitative data for all animals (E). Horizontal lines 
indicate the median; statistics: Mann-Whitney U test. Data in D and E are representative of 2 
independent experiments (n=2). 
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Supplemental Figure 8 
 
Suppl. Figure 8: Model of H. pylori-induced inflammasome activation. H. pylori LPS and the 
urease B subunit (UreB) collaborate to promote NLRP3 inflammasome and caspase-1 activation as 
well as IL-1β and IL-18 processing and secretion. H. pylori LPS signals via TLR4, MyD88 and NF-
κB to activate Il1b transcription (indicated by red arrows), whereas UreB signals via TLR2, MyD88 
and NF-κB to activate Nlrp3 transcription (green arrows). The assembly of NLRP3, ASC and pro-
caspase-1 is triggered through an as yet unknown mechanism leading to caspase-1 activation, and to 
the processing of proIL-1β and proIL-18. The mature cytokines are released and promote Th1 
differentiation and H. pylori clearance in the case of IL-1β, and Treg differentiation, immune tolerance 
and persistence in the case of IL-18. Note that the pro-form of IL-18 is constitutively expressed in 
DCs. While shown representatively for a dendritic cell, other immune cells and gastric epithelial cells 
may activate the NLRP3 inflammasome in a similar manner upon exposure to H. pylori and may 
contribute as much or more mature IL-1β and IL-18 to the overall cytokine levels in the infected 
gastric mucosa. 
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Supplemental Table 1 
gene # gene name # of hits 
LPS synthesis 
HPG27_38 mannose-6-phosphate isomerase 3 
HPG27_39 GDP-D-mannosedehydratase 4 
HPG27_104 L-fuculose 1-phosphate aldolase 1 
HPG27_146 lipopolysaccharide1,2-glycosyltransferase 5 
HPG27_437 DD-heptosyl transferase 1 
Urease gene cluster 
HPG27_67 ureaseB 3 
HPG27_68 ureaseA 5 
Restriction-modification system 
HPG27_436 type II methyltransferase 1 
HPG27_746 putative type I R-M enzyme 1 
HPG27_806 type I restriction enzyme M protein 1 
HPG27_945 
phage/colicin/tellurite resistance cluster Y 
protein 1 
HPG27_1316 type III restriction enzyme R protein 1 
HPG27_1328 putative type III restriction enzyme R 2 
HPG27_1444 type III R-M system modification enzyme 1 
Chemotaxis 
HPG27_95 methyl-accepting chemotaxis protein 8 
Outer membrane proteins 
HPG27_739 outer membrane protein 1 
HPG27_1501 putative outer membrane lipoprotein 1 
Hypothetical proteins 
HPG27_773 hypothetical protein 1 
HPG27_936 hypothetical protein 1 
HPG27_1131 hypothetical protein 1 
HPG27_1133 hypothetical protein 1 
HPG27_1275 hypothetical protein 1 
HPG27_1282 hypothetical protein 1 
HPG27_1358 hypothetical protein 1 
Others 
HPG27_487 cag pathogenicity island protein X 1 
HPG27_603 putative 3-hydroxy acid dehydrogenase 1 
HPG27_772 flagellar rotor protein 1 
HPG27_1129 alpha carbonic anhydrase 1 
HPG27_1138 aldo-keto reductase 1 
  plasmid 1 
  Different non coding regions 9 
  No sequences due to growth deficit 2 
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Supplemental methods 
H. pylori strains, infection of DCs and transposon library screening 
The following H. pylori strains were used for in vitro infection of BMDCs. Strains G27, SS1 
and PMSS1 have been described previously (1-3). NSH57 is a mouse-adapted derivative of 
strain G27 that was generated by three 3-week passages in FVB mice (4). To create the 
transposon library used here (generously donated by Nina R. Salama, Division of Human 
Biology, Fred Hutchinson Cancer Research Center, Seattle, USA), genomic DNA prepared 
from the original 10,000-clone G27 library (5) was transformed into NSH57 by natural 
transformation (4). For the analysis of individual clones with respect to their induction of IL-
1β secretion by BMDCs, bacteria were cultured from frozen stocks on horse blood agar 
supplemented with 25 µg/ml of chloramphenicol at 37°C for 2 days under microaerophilic 
conditions. Colonies were picked and expanded individually o/n on fresh horse blood plates 
prior to inoculation of 100µl liquid cultures (Brucella broth (Difco) containing 10% FBS (Life 
Technologies)) in 96 well format. Liquid cultures were grown for 6h with shaking at 37°C 
and used for BMDC infection in 96 well flat bottom plates and for cryopreservation of 
individual clones. The supernatants of infected BMDCs were subjected to IL-1β ELISA after 
16h of co-culture. For sequencing of the transposon flanking regions, the following primer 
was used: 5’-CAG TTC CCA ACT ATT TTG TCC-3’. The screen was saturated after 
examination of ~2500 mutants. All H. pylori liquid cultures were routinely assessed by light 
microscopy for contamination, morphology, and motility prior to use in infections.  
 
Generation and infection of BMDC, spleen DCs and human blood-derived DCs 
For the generation of BMDCs, single cell suspensions were prepared from hind leg bone 
marrow and seeded at 105 cells per well in 96 well plates for ELISA or at 2x106 cells per well 
in 6 well plates for Western blotting  in RPMI/10% FCS and 4ng/ml GM-CSF and cultured 
for 6 days. BMDCs were infected for 16h with H. pylori at a multiplicity of infection of ~50. 
BMDCs were pretreated for 3h with 5ng/ml LPS (Sigma Aldrich) to stimulate Il1b expression 
where indicated. BAY11-7082 (Sigma Aldrich) was added at 1µM final concentration 1h 
prior to infection of BMDCs to inhibit NF-κB signaling. For the isolation of splenic DCs, 
spleen cell suspensions were prepared by digestion using 1mg/ml CollagenaseD and 0.1% 
DNaseI (both from Roche) in serum-free RPMI for 1h at 37°C. DCs were 
immunomagnetically isolated using CD11c MicroBeads (Miltenyi Biotec) according to the 
manufacturer’s instructions and seeded at 2x105 cells per well in 96 well round bottom plates. 
For the generation of human DCs, peripheral blood mononuclear cells (PBMC) were isolated 
from buffy coats of healthy volunteer blood donors obtained from the blood donation center Zürich 
(ZHBSD) using Ficoll-PaqueTM (GE Healthcare). CD14+ monocytes were isolated from 
PBMCs using CD14 MicroBeads (Miltenyi Biotec) according to the manufacturer’s 
instructions and cultured in CellGro DC medium (Cellgenix) supplemented with 1000U/ml 
GM-CSF and 500IU/ml IL-4 (both R&D Systems) for 6 days. 
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Induction and quantification of allergic asthma 
Ovalbumin model: Mice were sensitized by i.p. injection of 20µg ovalbumin (Sigma-Aldrich) 
emulsified in 2.25mg aluminum hydroxide (Alum Imject; Pierce) at 6 and 8 weeks of age. 
Sensitized mice were challenged with 1% aerosolized ovalbumin using an ultrasonic nebulizer 
(NE-U17; Omron) for 20 min daily on days 31, 32 and 33 post initial sensitization. For Treg 
transfer experiments, neonatally infected donor mice were sacrificed at the age of 5 weeks and 
Tregs were immunomagnetically isolated from MLN and Peyer’s Patches single cell 
suspensions (CD4+CD25+ mouse regulatory T cell isolation kit; R&D). 1x106 Tregs were 
injected per animal into sensitized wild type recipient mice one day before the first allergen 
challenge. House dust mite (HDM) model: Mice were sensitized by intranasal administration 
of 1µg HDM (Greer) at 6 weeks of age. Mice were challenged with 10µg HDM per animal on 
five consecutive days, starting on day 8 after sensitization. Anti-IL-18 antibody (YIGIF74-
1G7, BioXCell) was applied weekly (50µg per dose) starting at 7 days of age. After sacrifice, 
lungs were lavaged via the trachea with 1ml PBS. Bronchoalveolar lavage fluid (BALF) cells 
were counted using trypan blue dye exclusion. Differential eosinophil counts were performed 
on cytocentrifuged preparations stained with the Microscopy Hemacolor Set (Merck). Lungs 
were fixed by inflation and immersion in 10% formalin and embedded in paraffin. Tissue 
sections were stained with H&E and periodic acid-Schiff and examined in blinded fashion on 
a BX40 Olympus microscope. Peribronchial inflammation was scored on a scale from 0 to 4. 
PAS-positive goblet cells were quantified per 1mm of basement membrane. For lung re-
stimulation, single cell suspensions were prepared by collagenase 1A (Sigma Aldrich) 
digestion for 45min at 37°C. Cells were seeded at 5x105 cells per well and stimulated with 
250µg/ml ovalbumin for 3 days. Supernatants were analyzed for secretion of IL-5 by ELISA 
(eBioscience) according to the manufacturer’s instructions. For detection of HDM-specific 
IgE, plates were coated with 25µg/ml HDM antigen; HDM-bound IgE was detected using α-
mouse IgE-HRP (GTX77227, GeneTex). 
 
Western Blotting and ELISA of cell culture supernatants and extracts, and of gastric mucosal 
homogenates 
To detect proteins in cell culture supernatants, 500µl of supernatants were TCA-precipitated 
and subjected to Western blotting. Cell extracts and extracts of scraped and shock frozen 
murine gastric mucosa were prepared using RIPA-Buffer supplemented with protease 
inhibitors (complete Mini, Roche). For lysis of bacteria, 200µg/ml lysozyme (Sigma Aldrich) 
was added to the lysis buffer. For Lewis antigen detection, bacterial lysates were treated with 
125ng/ml Proteinase K (Macherey-Nagel) o/n. The following antibodies were used: α-Casp1 
p10/p45 (sc514, Santa Cruz), α-NLRP3 (ab91525, abcam), α-IL-1β (AF-401-NA, R&D 
Systems), α-actin (sc1616, Santa Cruz), α-GAPDH (G9545, Sigma Aldrich), α-H. pylori 
Urease (ab51954, abcam), α-LewisX (ab3358, abcam). Cytokines in gastric mucosal extracts 
and the supernatants of infected BMDCs or splenic DCs were analyzed by ELISA (human IL-
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1β and mouse IL-1β, both BD Biosciences; IL-18, eBioscience) according to the 
manufacturers’ instructions.  
 
 
Real time qRT-PCR of cytokines in cell extracts and gastric mucosal homogenates 
For real-time RT-PCR of shock frozen stomach mucosa or BMDC cell pellets, total RNA was 
isolated using NucleoSpin RNA II kits (Macherey-Nagel). For isolation of RNA from splenic 
DCs, the RNeasy microkit (Qiagen) was used. RNA was reversely transcribed into cDNA 
using superscript III (Invitrogen). The corresponding cDNA served as a template for real-time 
PCR performed using the LightCycler 480 SYBR Green I master kit (Roche). Samples were 
normalized to GAPDH expression (conditions: Tm 60°C, 50 cycles; primers: GAPDH fw: 5’-
GAC ATT GTT GCC ATC AAC GAC C-3’ / GAPDH rv: 5’-CCC GTT GAT GAC CAG 
CTT CC-3’, pro-IL-1β fw: 5’-TTG ACG GAC CCC AAA AGA TG-3’ / pro-IL-1β rv: 5’-
TGG ACA GCC CAG GTC AAA-3’, NLRP3 fw: 5’-CCC TTG GAG ACA CAG GAC TC-
3’ / NLRP3 rv: 5’-GGT GAG GCT GCA GTT GTC TA-3’, IFNγ fw: 5’-ATC TGG AGG 
AAC TGG CAA AA-3’ / IFNγ rv:  5’-TTC AAG ACT TCA AAG AGT CTG AGG TA-3’, 
AIM2 fw: 5’-CAG GCA ATT GCA TCT GAG AG-3’ / AIM2 rv: 5’-CGC CTC ACA AAG 
ATT TTC ACT-3’, NLRC4 fw: 5’-GAA GAA TCC TGT GAT CTC CAA GAG-3’ / NLRC4 
rv: 5’-GAT CAA ATT GTG AAG ATT CTG TGC-3’). 
 
 
Single cell preparations of MLN and Peyer’s patches and FACS staining 
Single cell suspensions of MLNs and Peyer’s patches were prepared by collagenaseIV (Sigma 
Aldrich) digestion for 25min at 37°C. For detection of intracellular cytokines, cells were 
seeded at 2x105 cells per well and treated with 100nM PMA (Sigma Aldrich), 1µg/ml 
Ionomycin (Sigma Aldrich) and 2µg/ml Monensin (Enzo LifeScience) for 4h. Fixation and 
permeabilization was performed with the Cytofix/CytopermTM Kit (BD Bioscience). The 
following antibodies were used for staining: CD4-FITC (RM4-5, Biolegend), CD25-Biotin 
(MAGM208, PartNo 860126, R&D), Streptavidin-eFluor450 (48-4317-82, eBioscience), 
IFNγ-PECy7 (XMG1.2, BD Biosciences), IL-17-APC (TC11-18H10.1, Biolegend) and 
FoxP3-APC (FJK-16s, eBioscience). 
 
 
Cloning, expression and purification of recombinant proteins 
UreaseA and UreaseB gene were amplified from bacterial genomic DNA using pfu-DNA 
polymerase (ThermoScientific) with the following primers: UreA fw: 5’-ATA TGA ATT 
CTT AAT TCT CCT TAA TTG TTT TT-3’, UreA rv: 5’- ATA TGG ATC CAA ACT CAC 
CCC AAA AGA-3’, UreB fw: 5’- ATA TGT CGA CCG AAC ACA TGG TAA GTT T-3’, 
UreB rv: 5’- ATA TGA ATT CAA AAA GAT TAG CAG AAA AGA-3’. Amplified 
fragments were inserted into the pGEX-4T-1 plasmid (GE Healthcare) using BamHI and 
EcoRI restriction sites for UreaseA and SalI and EcoRI restriction sites for UreaseB (all 
restriction enzymes obtained from New England Biolabs). After amplification and sequencing 
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of the resulting plasmids, positive clones were transformed into E. coli BL21. Induction of 
overexpression of the GST-tagged proteins was done by the addition of 1mM IPTG. Bacterial 
cells were homogenized by sonication and precleared lysates were applied to GST GraviTrap 
columns (GE Healthcare). Tagged proteins were isolated according to manufacturer’s 
instructions.  
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ďstraĐt 
The iŵŵuŶe ĐoŵpartŵeŶt of the gastriĐ laŵiŶa propria is largelǇ uŶĐharted territorǇ. Here, ǁe desĐriďe 
the eǀolutioŶ aŶd ĐoŵpositioŶ of  the gastriĐ, sŵall  iŶtestiŶal aŶd ĐoloŶiĐ  laŵiŶa propria ŵoŶoŶuĐlear 
phagoĐǇte ĐoŵpartŵeŶt duriŶg steadǇ state aŶd iŶfeĐtioŶ ǁith the gastriĐ pathogeŶ HeliĐoďaĐter pylori. 
We shoǁ that ŵoŶoĐǇtes, CXϯCRϭhi ŵaĐrophages aŶd CDϭϭď+ deŶdritiĐ Đells are reĐruited to the iŶfeĐted 
stoŵaĐh iŶ a CCRϮͲdepeŶdeŶt ŵaŶŶer. All three populatioŶs, ďut Ŷot ATFϯͲdepeŶdeŶt DCs, saŵple RFW+ 
H. pylori aŶd upregulate T>RϮ upoŶ eŶĐouŶteriŶg  liǀe ďaĐteria. The differeŶtiatioŶ of CDϭϭď+ deŶdritiĐ 
Đells  iŶ  all  gastroiŶtestiŶal  tissues  reƋuires  ĐellͲiŶtriŶsiĐ E>RWϯ eǆpressioŶ duriŶg  iŶfeĐtioŶ  aŶd  steadǇ 
state. CDϭϭď+ deŶdritiĐ Đells haǀe regulatorǇ aĐtiǀitǇ iŶ the ĐoŶteǆt of H. pylori iŶfeĐtioŶ aŶd produĐe I>Ͳ
ϭϬ upoŶ ĐoŶtaĐt ǁith ďaĐteria. ATFϯͲdepeŶdeŶt CDϭϬϯ+ DC liŶeages oŶ the other haŶd Ͳdespite their 
laĐk of direĐt ďaĐterial  ĐoŶtaĐtͲ are striĐtlǇ  reƋuired  for  loĐal Thϭ Đell eǆpaŶsioŶ aŶd H. pylori  ĐoŶtrol. 
HuŵaŶized ŵiĐe reĐoŶstituted ǁith huŵaŶ heŵatopoietiĐ steŵ Đells reĐapitulate seǀeral features of the 
ŵǇeloid  ĐellͬH. pylori  iŶteraĐtioŶ. Our  results  reǀeal a Đlear diǀisioŶ of  laďor aŵoŶg gastriĐ phagoĐǇte 
suďsets aŶd highlight the ĐoŶtriďutioŶ of E>RWϯ to CDϭϭď+ DC differeŶtiatioŶ. 
 
<ey ǁords͗ deŶdritiĐ Đells, saŵpliŶg aŶd aŶtigeŶ proĐessiŶg,  iŶflaŵŵasoŵe aĐtiǀatioŶ,  iŶŶate iŵŵuŶe 
reĐeptors, iŵŵuŶe regulatioŶ, huŵaŶized ŵiĐe 
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/ntroduĐtion 
MoŶoŶuĐlear  phagoĐǇtes  ;MWsͿ  residiŶg  iŶ  the  laŵiŶa  propria  ;>WͿ  of  the  gastroiŶtestiŶal  ;GIͿ  traĐt 
ĐoŶtriďute ĐritiĐallǇ to the ĐoŶtrol of iŶǀadiŶg pathogeŶs aŶd the deǀelopŵeŶt of iŵŵuŶitǇ, as ǁell as the 
iŶduĐtioŶ  aŶd  ŵaiŶteŶaŶĐe  of  iŵŵuŶe  toleraŶĐe.  SpeĐialized  suďsets  of  MWs  perforŵ  distiŶĐt  aŶd 
ĐoŵpleŵeŶtarǇ fuŶĐtioŶs iŶ iŵŵuŶitǇ aŶd gastroiŶtestiŶal hoŵeostasis; the MW ĐoŵpositioŶ differs iŶ 
the loǁer aŶd upper GI ĐoŵpartŵeŶts, aŶd iŶ the steadǇ state aŶd duriŶg iŶflaŵŵatioŶ ;ϭͲϯͿ. Whereas 
the MW suďsets of the sŵall iŶtestiŶe aŶd ĐoloŶ haǀe ďeeŶ studied iŶ detail iŶ terŵs of their oŶtogeŶǇ, 
eǆpressioŶ  of  surfaĐe  ŵarkers  aŶd  liŶeageͲdefiŶiŶg  traŶsĐriptioŶ  faĐtors,  aŶd  their  fuŶĐtioŶal 
speĐializatioŶ, little is kŶoǁŶ aďout MWs residiŶg iŶ the gastriĐ laŵiŶa propria. IŶ the iŶtestiŶes, MWs are 
ďroadlǇ  ideŶtified  as  either  resideŶt  ;ŶoŶͲŵigratorǇͿ  ŵaĐrophages  that  are  repleŶished  froŵ  ďloodͲ
deriǀed >ǇϲChi  ŵoŶoĐǇtes aŶd deteĐt, eŶgulf aŶd Ŷeutralize pathogeŶs aŶd thus eǆert iŵportaŶt iŶŶate 
effeĐtor fuŶĐtioŶs, or as deŶdritiĐ Đells ;DCsͿ that origiŶate froŵ a preͲDCͲprogeŶitor, reƋuire F>Tϯ> for 
their deǀelopŵeŶt, ŵigrate froŵ ŵuĐosal tissues to draiŶiŶg lǇŵph Ŷodes ǀia the lǇŵph, aŶd possess the 
uŶiƋue aďilitǇ to priŵe the differeŶtiatioŶ aŶd polarizatioŶ of effeĐtor froŵ ŶaŢǀe TͲĐells ;ϭ, ϮͿ. IŶtestiŶal 
>W ŵaĐrophages eǆhiďit high surfaĐe eǆpressioŶ of the ĐheŵokiŶe CXϯC reĐeptor ;CXϯCRͿ ϭ, as ǁell as of 
FϰͬϴϬ aŶd CDϲϰ, ďut laĐk CDϭϬϯ. IŶtestiŶal DCs ĐaŶ ďe diǀided iŶto at least tǁo distiŶĐt liŶeages depeŶdiŶg 
oŶ their surfaĐe ŵarker eǆpressioŶ aŶd depeŶdeŶĐe oŶ traŶsĐriptioŶ aŶd groǁth faĐtors. CDϭϬϯ+ DCs that 
additioŶallǇ eǆpress CDϭϭď depeŶd oŶ graŶuloĐǇte ŵaĐrophage ĐoloŶǇͲstiŵulatiŶg faĐtor ;GMͲCSFͿ ;ϰͿ, 
as  ǁell  as  the  traŶsĐriptioŶ  faĐtors  EotĐhͲϮ  ;ϱͿ  aŶd  IRFϰ  ;ϲͿ  for  deǀelopŵeŶt.  CDϭϬϯ+CDϭϭďͲ  DCs  iŶ 
ĐoŶtrast  reƋuire  the  ďasiĐ  leuĐiŶe  zipper  traŶsĐriptioŶ  faĐtor  ATFͲlike  ;ATFͿϯ  aŶd  IRFϴ  ;ϳͿ.  oth  >W 
deŶdritiĐ Đell suďsets haǀe lǇŵph Ŷode ĐouŶterparts iŶ the forŵ of CDϭϭď+ aŶd CDϴ?+ DCs that share the 
reliaŶĐe oŶ IRFϰͬEotĐhͲϮ aŶd IRFϴͬATFϯ, respeĐtiǀelǇ. FuŶĐtioŶallǇ, IRFϴͬATFϯͲdepeŶdeŶt populatioŶs 
are  eŶdoǁed ǁith  superior  aďilitǇ  to  ĐrossͲpreseŶt  ǀiral,  tuŵor,  aŶd  selfͲaŶtigeŶs  aŶd  haǀe  a  huŵaŶ 
fuŶĐtioŶal eƋuiǀaleŶt iŶ the CDϭϰϭhi DC suďset ;ϴͿ, ǁhereas IRFϰͬEotĐhͲϮͲdepeŶdeŶt DCs ;likelǇ huŵaŶ 
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eƋuiǀaleŶt: CDϭĐ+ DCsͿ haǀe ďeeŶ iŵpliĐated iŶ Thϭϳ priŵiŶg ;ϱ, ϲͿ. AŶ additioŶal DC suďset of the GI >W 
that is less ǁell uŶderstood iŶ terŵs of its oŶtogeŶǇ eǆpresses CDϭϭď, ďut Ŷeither CDϭϬϯ Ŷor ŵaĐrophage 
ŵarkers, aŶd iŶterŵediate leǀels of CXϯCRϭ; this populatioŶ is respoŶsiǀe to Fltϯ> iŶ ǀiǀo ďut its progeŶitor 
is ĐoŶtroǀersial ;ϵͲϭϭͿ.  
We  haǀe  reported  preǀiouslǇ  that HeliĐoďaĐter  pylori,  a  pathoďioŶt  that  ĐoloŶizes  the  huŵaŶ  gastriĐ 
ŵuĐosa of half of the ǁorld͛s populatioŶ aŶd is tightlǇ assoĐiated ǁith gastriĐ disorders suĐh as ulĐers, 
ĐhroŶiĐ gastritis aŶd gastriĐ ĐaŶĐer ;ϭϮͿ, has a ŵaũor iŵpaĐt oŶ the fuŶĐtioŶalitǇ of deŶdritiĐ Đells ;ϭϯͲϭϱͿ. 
H. pylori Đauses a persisteŶt, ŵuĐosaͲassoĐiated ďut ŶoŶͲiŶǀasiǀe iŶfeĐtioŶ that is ĐharaĐterized ďǇ either 
TregͲ or ThϭͬThϭϳͲpredoŵiŶaŶt respoŶses: iŶ ĐhildreŶ aŶd ŶeoŶatallǇ iŶfeĐted ŵiĐe, the H. pyloriͬhost 
iŶteraĐtioŶ  is  geŶerallǇ  asǇŵptoŵatiĐ  aŶd  ĐharaĐterized  ďǇ  the  laĐk  of  effeĐtor  TͲĐell  respoŶses, 
predoŵiŶaŶĐe of Tregs aŶd high leǀel ĐoloŶizatioŶ ;ϭϲ, ϭϳͿ. IŶ ĐoŶtrast, iŶfeĐted adults ;espeĐiallǇ those 
preseŶtiŶg ǁith H. pyloriͲassoĐiated peptiĐ ulĐersͿ, aŶd ŵiĐe iŶfeĐted as adults, eǆhiďit a strikiŶg TͲĐell 
iŶfiltrate that is doŵiŶated ďǇ effeĐtor TͲĐells aŶd liŵits the ďaĐterial ďurdeŶ ǁithout ĐleariŶg H. pylori 
ĐoŵpletelǇ  ;ϭϲ,  ϭϳͿ.  Rather,  the  large  ƋuaŶtities  of  IFEͲ?  produĐed  ďǇ H.  pyloriͲspeĐifiĐ  Thϭ  Đells  are 
ďelieǀed  to  ďe  the  direĐt  Đause  of  the  preͲŵaligŶaŶt  lesioŶs  Ͳi.e.  epithelial  hǇperplasia  aŶd  iŶtestiŶal 
ŵetaplasiaͲ that preĐede the deǀelopŵeŶt of gastriĐ ĐaŶĐer ;ϭϲͿ. The ďeŶigŶ iŶteraĐtioŶ of H. pylori ǁith 
its host that is ĐharaĐteristiĐ of pediatriĐ populatioŶs has ďeeŶ liŶked to proteĐtiǀe effeĐts agaiŶst allergiĐ 
asthŵa, other forŵs of allergǇ, aŶd agaiŶst iŶflaŵŵatorǇ ďoǁel diseases iŶ large epideŵiologiĐal studies 
ĐoŶduĐted  iŶ  ŵultiple  areas  of  the  ǁorld  ;ϭϴͲϮϬͿ.  We  ĐoŶfirŵed  a  proteĐtiǀe  effeĐt  of  H.  pylori  iŶ 
eǆperiŵeŶtal ŵodels of allergiĐ asthŵa iŶduĐed ďǇ oǀalďuŵiŶ ;ϮϭͿ aŶd house dust ŵite eǆtraĐt ;ϭϱͿ, aŶd 
iŶ ŵodels of DSSͲiŶduĐed Đolitis ;ϮϮͿ. The proteĐtioŶ agaiŶst allergǇ ǁas fuŶĐtioŶallǇ liŶked to H. pyloriͲ
iŶduĐed Tregs aŶd further reƋuired the T>RϮͬE>RWϯͬĐaspaseͲϭͬI>Ͳϭϴ aǆis, as ŵiĐe laĐkiŶg aŶǇ oŶe of these 
faĐtors fail to deǀelop H. pyloriͲiŶduĐed iŵŵuŶe toleraŶĐe ;ϭϯ, ϭϱ, ϮϮͿ.  
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Here, ǁe haǀe ĐoŶduĐted a detailed Đoŵparatiǀe aŶalǇsis of the gastriĐ ;aŶd sŵall iŶtestiŶal aŶd ĐoloŶiĐͿ 
MW populatioŶs iŶ the steadǇ state aŶd duriŶg H. pylori iŶfeĐtioŶ iŶ the stoŵaĐh to disseĐt ǁhiĐh suďsets 
eŶĐouŶter aŶd saŵple H. pylori,  aŶd are reƋuired for iŵŵuŶitǇ oŶ the oŶe haŶd or hoŵeostasis iŶ the 
faĐe of iŶfeĐtioŶ oŶ the other. We fiŶd that gastriĐ MW populatioŶs eǀolǀe ĐoŶtiŶuouslǇ iŶ the first ǁeeks 
of life aŶd ďear ŵore siŵilarities to the ĐoloŶ thaŶ to the sŵall iŶtestiŶe. sarious MW suďsets are reĐruited 
to the iŶfeĐted ŵuĐosa iŶ a CC>ϮͬCCRϮͲdepeŶdeŶt ŵaŶŶer, ďut oŶlǇ ŵoŶoĐǇtes, CXϯCRϭdiŵCDϭϭď+ DCs 
aŶd CXϯCRϭhi ŵaĐrophages eŶĐouŶter RFW+ H. pylori. The saŵe Đells upregulate T>RϮ aŶd E>RWϯ upoŶ 
ĐoŶtaĐt ǁith H. pylori. E>RWϯ aŶd T>RϮ are reƋuired for  the  terŵiŶal differeŶtiatioŶ aŶd  fuŶĐtioŶalitǇ, 
respeĐtiǀelǇ, of CDϭϭď+ DCs duriŶg H. pylori iŶfeĐtioŶ aŶd iŶ the steadǇ state. StrikiŶglǇ, ATFϯͲdepeŶdeŶt 
CDϭϬϯ+ DCs, although Ŷeǀer iŶ direĐt ĐoŶtaĐt ǁith liǀe ďaĐteria, driǀe loĐal Thϭ respoŶses aŶd are reƋuired 
for H. pylori ĐoŶtrol. Our results proǀide eǀideŶĐe for a diǀisioŶ of laďor aŵoŶg DC suďsets iŶ aŶ as Ǉet 
poorlǇ uŶderstood ĐoŵpartŵeŶt of the GI traĐt, aŶd highlight for the first tiŵe a ĐritiĐal ĐoŶtriďutioŶ of 
E>RWϯ to DC differeŶtiatioŶ iŶ GI tissues.   
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Results 
dŚe gastriĐ laŵina ƉroƉria is doŵinated ďy ŵyeloid ƉoƉulations tŚat eǀolǀe and staďiliǌe in tŚe first 
ǁeeŬs of life 
Whereas the MW ĐoŵpartŵeŶt of the ĐoloŶ aŶd sŵall iŶtestiŶe is ǁell ĐharaĐterized iŶ the steadǇ state 
aŶd iŶ ǀarious pathologiĐal ĐoŶditioŶs, little is kŶoǁŶ aďout MW populatioŶs of the ŵuriŶe gastriĐ >W, their 
eǀolutioŶ froŵ earlǇ life to adulthood, aŶd their fuŶĐtioŶal speĐializatioŶ duriŶg hoŵeostasis aŶd ďaĐterial 
iŶfeĐtioŶ.  To  address  these  ƋuestioŶs, ǁe  perforŵed  a  detailed  parallel  aŶalǇsis  of  the  gastriĐ,  sŵall 
iŶtestiŶal  aŶd  ĐoloŶiĐ  >W  ĐoŵpartŵeŶt  ďǇ ŵultiĐolor  floǁ  ĐǇtoŵetrǇ  ;suppl.  Figure  ϭAͿ.  Although  the 
oǀerall leukoĐǇte populatioŶ ǁas ŵuĐh sŵaller iŶ the stoŵaĐh thaŶ iŶ the sŵall aŶd large iŶtestiŶe ;suppl. 
Figure ϭͿ, the freƋueŶĐǇ of ŵǇeloid Đells, as defiŶed ďǇ their eǆpressioŶ of CDϭϭď ǁith or ǁithout ĐoͲ
eǆpressioŶ of MHCII, ǁas suďstaŶtiallǇ higher: ǁhereas хϱϬй of gastriĐ >W leukoĐǇtes are of ŵǇeloid origiŶ, 
this  figure  is  as  loǁ  as  ϭϬͲϮϬй  iŶ  the  iŶtestiŶes  ;Figure  ϭA,Ϳ.  IŶterestiŶglǇ,  the MW  ĐoŵpartŵeŶt  of 
ŶeoŶatal ŵiĐe ;aŶalǇzed at daǇ ϳ of ageͿ differs stroŶglǇ froŵ that of adults ;age ϴ ǁeeksͿ  iŶ all three 
orgaŶs aŶd appears to ďe ŵore hoŵogeŶeous aĐross orgaŶs iŶ ŶeǁďorŶs ;Figure ϭͿ. A ŵore detailed 
iŶspeĐtioŶ reǀealed highlǇ diǀergeŶt patterŶs of ŵǇeloid eǀolutioŶ iŶ the three orgaŶs duriŶg the first tǁo 
ŵoŶths of  life ;Figure ϭCͲF, suppl. Figure ϭCͿ. Seǀeral  iŶterestiŶg parallels ǁere oďserǀed ďetǁeeŶ the 
ĐoloŶ aŶd  stoŵaĐh  that ǁere Ŷot  shared ďǇ  the SI:  iŶ partiĐular, ŵaĐrophage aŶd CDϭϬϯ+ CDϭϭď+ DC 
populatioŶs iŶĐrease steadilǇ iŶ the first ǁeeks of life, aŶd ĐoŶtraĐt agaiŶ at or ũust after ǁeaŶiŶg ;Figure 
ϭCͿ.  IŶ  ĐoŶtrast  to  the  adult  SI,  ǁhere  CDϭϬϯ+ CDϭϭď+  DCs  represeŶt  the  ŶuŵeriĐallǇ  doŵiŶaŶt  MW 
populatioŶ ďǇ far, the populatioŶ is relatiǀelǇ ŵiŶor iŶ ďoth the adult stoŵaĐh aŶd ĐoloŶ iŶ the steadǇ 
state ;Figure ϭC,DͿ. The stoŵaĐh aŶd ĐoloŶ further are populated iŶ ŶeoŶates ďǇ large Ŷuŵďers of MHCIIͲ
Ŷegatiǀe ŵaĐrophages, CDϭϭď+ DCs aŶd CDϭϬϯ+ DCs that disappear ǁithiŶ the first tǁo ǁeeks of life aŶd 
thereafter are replaĐed ďǇ MHCIIͲpositiǀe ŵoŶoĐǇtes aŶd ŵaĐrophages ;Figure ϭCͲF, suppl. Figure ϭCͿ. IŶ 
suŵŵarǇ, the gastriĐ >W is a predoŵiŶaŶtlǇ ŵǇeloid orgaŶ aŶd deǀoid of lǇŵphoĐǇtes iŶ the steadǇ state; 
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the oďserǀed patterŶs of ŵǇeloid eǀolutioŶ  iŶdiĐate  that adultͲpredoŵiŶaŶt ŵǇeloid  liŶeages  replaĐe 
ŶeoŶatal DC aŶd ŵaĐrophage liŶeages at approǆiŵatelǇ the tiŵe of ǁeaŶiŶg.  
 
ǆƉeriŵental infeĐtion ǁitŚ HeliĐoďaĐter pylori triggers tŚe CCLϮͬCCRϮͲdeƉendent gastriĐ reĐruitŵent 
of ǀarious DC and ŵaĐroƉŚage suďsets tŚat is reƋuired for dͲĐellͲŵediated infeĐtion Đontrol  
To eǆaŵiŶe hoǁ a ĐhalleŶge iŶfeĐtioŶ ǁith the ĐoŵŵoŶ gastriĐ pathoďioŶt, HeliĐoďaĐter pylori, ǁould 
affeĐt the gastriĐ >W ĐoŵpartŵeŶt, ǁe iŶfeĐted ϲ ǁeek old ŵiĐe ǁith a ŵouseͲĐoloŶiziŶg huŵaŶ isolate 
of H. pylori aŶd ƋuaŶtified the ŵǇeloid aŶd lǇŵphoid populatioŶs at oŶe aŶd three ŵoŶths post iŶfeĐtioŶ. 
Eǆposure to H. pylori triggered a roďust iŶfluǆ iŶto the gastriĐ >W of Ŷeutrophils aŶd CDϰ+ TͲĐells; these 
populatioŶs ǁere ŶuŵeriĐallǇ doŵiŶaŶt aŶd iŶĐreased progressiǀelǇ oǀer tiŵe ;Figure ϮAͿ. CDϭϬϯ+ DCs, 
CDϭϬϯ+CDϭϭď+ DCs,  CDϭϭď+  DCs, ŵaĐrophages  aŶd ŵoŶoĐǇtes ǁere  reĐruited  as ǁell,  ďut  reaĐhed  a 
plateau  alreadǇ  after  ϭ  ŵoŶth  post  iŶfeĐtioŶ  ;Figure  ϮͿ.  The  reĐruitŵeŶt  of  MHCII+  aŶd  MHCIIͲ 
ŵoŶoĐǇtes, aŶd of ŵaĐrophages aŶd DC liŶeages to the ĐhroŶiĐallǇ iŶfeĐted stoŵaĐh depeŶded stroŶglǇ 
oŶ  the CC>ϮͬCCRϮ  ĐheŵokiŶeͬreĐeptor  aǆis,  as CCRϮͲdefiĐieŶt  aŶiŵals  eǆhiďited a  Đlear defeĐt  iŶ  the 
reĐruitŵeŶt of all MW liŶeages ;Figure ϮCͿ that ǁas also refleĐted iŶ the oǀerall leukoĐǇte ĐouŶts at three 
ŵoŶths p.i. ;Figure ϮDͿ; iŶ ĐoŶtrast, the reĐruitŵeŶt of Ŷeutrophils aŶd CDϰ+ TͲĐells ǁas uŶaffeĐted ďǇ 
CCRϮ defiĐieŶĐǇ ;Figure ϮEͿ. IŶ ǁild tǇpe ŵiĐe, >W TͲĐells eǆhiďited a Đlear polarizatioŶ toǁards ďoth Thϭ 
aŶd Thϭϳ liŶeages, ǁith хϳϬй of all TͲĐells produĐiŶg the liŶeageͲspeĐifiĐ sigŶature ĐǇtokiŶes IFEͲ? or I>Ͳ
ϭϳ ;or ďoth, Figure ϮFͿ. IŶ ĐoŶtrast to ǁild tǇpe ŵiĐe, CCRϮͲdefiĐieŶt aŶiŵals laĐked Thϭ Đells, ďut Ŷot Thϭϳ 
Đells, aŶd failed to ĐoŶtrol the iŶfeĐtioŶ at the three ŵoŶth tiŵe poiŶt ;Figure ϮF,GͿ. We Ŷeǆt geŶerated 
ŵiǆed ďoŶe ŵarroǁ Đhiŵeras to eǆaŵiŶe ǁhiĐh MW populatioŶs reƋuire ĐellͲiŶtriŶsiĐ CCRϮ sigŶaliŶg for 
gastriĐ >W reĐruitŵeŶt duriŶg iŶfeĐtioŶ. IŶterestiŶglǇ, ŵoŶoĐǇtes, ŵaĐrophages aŶd CDϭϭď+ DCs ;ǁhiĐh 
ǁe ĐoŶsider to ďe ďoŶa ĨiĚe DCs ďeĐause theǇ are aďseŶt iŶ the gastriĐ >W of iŶfeĐted F>Tϯ>ͲͬͲ ŵiĐe, suppl. 
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Figure ϮͿ, ďut Ŷot CDϭϬϯ+ DC liŶeages, failed to ŵigrate to the iŶfeĐted stoŵaĐh iŶ this settiŶg ;Figure 
ϮH,IͿ.  The ĐoŵďiŶed results suggest that gastriĐ MW populatioŶs ĐaŶ ďe diǀided iŶto ĐellͲiŶtriŶsiĐallǇ CCRϮͲ
depeŶdeŶt  ŵoŶoĐǇteͬŵaĐrophageͬCDϭϭď+  DC  liŶeages  aŶd  CDϭϬϯ+  DCs  that  are  oŶlǇ  iŶdireĐtlǇ 
depeŶdeŶt oŶ CCRϮ. MW reĐruitŵeŶt to the gastriĐ ŵuĐosa iŶ turŶ is reƋuired for proper Thϭ aĐtiǀatioŶ 
aŶd H. pylori ĐoŶtrol.  
 
Cy3CR1Śi ŵaĐroƉŚages and CD11ď+ dendritiĐ Đells saŵƉle H͘ pylori in tŚe ŵurine gastriĐ ŵuĐosa 
To  address ǁhiĐh of  the ŵǇeloid  Đells  that ŵaǇ poteŶtiallǇ  eŶĐouŶter H.  pylori  iŶ  the  gastriĐ ŵuĐosa 
phagoĐǇtose aŶd saŵple the ďaĐteria, ǁe geŶerated ŵouseͲĐoloŶiziŶg H. pylori straiŶs eǆpressiŶg either 
GFW or RFW. oth fluoresĐeŶt proteiŶs ǁere eǆpressed, Đould ďe deteĐted ďǇ FACS iŶside Đultured ďoŶe 
ŵarroǁͲderiǀed  phagoĐǇtes,  aŶd  ǁere  staďle  iŶtraĐellularlǇ  for  eǆteŶded  periods  of  tiŵe  post 
phagoĐǇtosis ;data Ŷot shoǁŶͿ. The RFW sigŶal proǀed ŵore staďle oǀer tiŵe aŶd therefore RFW+ H. pylori 
ǁere used iŶ all suďseƋueŶt iŶ ǀiǀo eǆperiŵeŶtatioŶ. Eot surprisiŶglǇ, the deteĐtioŶ of RFW sigŶal iŶ >W 
Đells ǁas ŵost straightforǁard iŶ ŵiĐe ǁith high leǀels of ĐoloŶizatioŶ. To aĐhieǀe this, ǁe iŶfeĐted ŵiĐe 
ŶeoŶatallǇ  ;i.e.  oŶ daǇ  ϳ  of  ageͿ,  at  a  tiŵe ǁheŶ  the  aŶiŵals  deǀelop  iŵŵuŶe  toleraŶĐe  rather  thaŶ 
iŵŵuŶitǇ to the iŶfeĐtioŶ ;ϭϲͿ.  IŶ adult ŵiĐe that ǁere iŶfeĐted ŶeoŶatallǇ, arouŶd ϰй of the ŵǇeloid 
CDϭϭď+ populatioŶ eǆhiďited aŶ RFW sigŶal ;Figure ϯAͿ. The RFW sigŶal Đould further ďe traĐked to MHCII+ 
ŵoŶoĐǇtes, ŵaĐrophages aŶd CDϭϭď+ DCs, ďut ǁas largelǇ aďseŶt iŶ the tǁo other DC suďsets ;Figure 
ϯ,CͿ.  IŶfeĐtioŶ  of  yϯZϭͲGFW  reporter  ŵiĐe,  iŶ  ǁhiĐh  GFW  is  eǆpressed  iŶ  all  CXϯCRϭͲpositiǀe  Đells, 
ĐoŶfirŵed  that  the  RFW  sigŶal ǁas  restriĐted  to yϯZϭͲGFWhi FϰͬϴϬhi ŵaĐrophages,  CDϭϭď+  CXϯCRϭdiŵ 
FϰͬϴϬͲ DCs aŶd CXϯCRϭdiŵ ŵoŶoĐǇtes ;Figure ϯD aŶd data Ŷot shoǁŶͿ. A siŵilar distriďutioŶ of RFW sigŶal, 
alďeit  at  a  geŶerallǇ  loǁer  freƋueŶĐǇ, ǁas oďserǀed  iŶ  adult  iŶfeĐted aŶiŵals ǁith  sigŶifiĐaŶtlǇ  loǁer 
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ďaĐterial  ďurdeŶ  ;Figure  ϯE,FͿ.  The  ĐoŵďiŶed  results  iŶdiĐate  that  CXϯCRϭͲpositiǀe  ŵaĐrophage, 
ŵoŶoĐǇtes aŶd DC populatioŶs, ďut Ŷot CDϭϬϯ+ DCs, phagoĐǇtose H. pylori iŶ the gastriĐ ŵuĐosa.  
 
R&P+ H͘ pylori are ƉŚagoĐytosed ďy Śuŵan ŵonoĐytes and ŵaĐroƉŚages  in ŵiĐe ǁitŚ  reĐonstituted 
Śuŵan iŵŵune systeŵs 
We Ŷeǆt estaďlished a huŵaŶized ŵouse ŵodel of H. pylori iŶfeĐtioŶ to assess ǁhiĐh huŵaŶ ŵǇeloid Đells 
saŵple RFW+ ďaĐteria. EODͬ>tSzͲsĐid I>ϮR? defiĐieŶt ;ESGͿ ŵiĐe reĐoŶstituted at ďirth ǁith huŵaŶ CDϯϰ+ 
Đord ďlood Đells proǀed to ďe iŶsuffiĐieŶtlǇ perŵissiǀe to ŵǇeloid Đell deǀelopŵeŶt aŶd rather faǀored 
lǇŵphoid  eŶgraftŵeŶt  ďoth  iŶ  the  spleeŶ  aŶd  the  GI  traĐt  laŵiŶa  propria  ;data  Ŷot  shoǁŶͿ.  HaǀiŶg 
reĐeŶtlǇ deǀeloped RagϮͲdefiĐieŶt,  IlϮR?ͲdefiĐieŶt huŵaŶized ŵiĐe eǆpressiŶg huŵaŶ ĐǇtokiŶes ĐeŶtral 
to  ŵǇeloid  deǀelopŵeŶt  aŶd  heŵatopoietiĐ  steŵ  Đell  ŵaiŶteŶaŶĐe  ;MͲCSF,  I>Ͳϯ,  GMͲCSF, 
throŵďopoietiŶͿ uŶder their eŶdogeŶous proŵoters, as ǁell as huŵaŶ SIRWɲ as a traŶsgeŶe, ǁe iŶstead 
opted for these ͞MISTRG͟ ŵiĐe. MISTRG ŵiĐe are ǀastlǇ superior to ESG ŵiĐe iŶ terŵs of their ŵǇeloid 
Đell eŶgraftŵeŶt iŶ ďoŶe ŵarroǁ aŶd spleeŶ, aŶd the full reĐapitulatioŶ of huŵaŶ ŵǇeloid deǀelopŵeŶt 
aŶd fuŶĐtioŶ ;ϮϯͿ. IŶ the gastriĐ >W of MISTRG ŵiĐe, the freƋueŶĐǇ of hCDϰϱ+ Đells ǁas loǁ at фϭй of all 
liǀe Đells, ďut roughlǇ douďled upoŶ iŶfeĐtioŶ ǁith H. pylori ;Figure ϰAͿ. The iŶĐrease due to iŶfeĐtioŶ Đould 
ďe attriďuted to aŶ iŶfluǆ of CDϭϰ+CDϭϲ+ ŵoŶoĐǇtes ;Figure ϰͿ. A seĐoŶd populatioŶ of ŵǇeloid Đells, 
CDϭϲϯ+ ŵaĐrophages, ǁere preseŶt iŶ the gastriĐ >W alreadǇ iŶ the steadǇ state aŶd did Ŷot ĐhaŶge upoŶ 
iŶfeĐtioŶ ;Figure ϰCͿ. oth populatioŶs eǆhiďited a ĐlearlǇ disĐerŶiďle RFW sigŶal iŶ oŶ aǀerage ϰ aŶd ϭϭй 
of  the populatioŶ upoŶ  iŶfeĐtioŶ  ;Figure ϰDͿ,  suggestiŶg  that huŵaŶ ŵoŶoŶuĐlear phagoĐǇtes  iŶdeed 
deǀelop ŶorŵallǇ aŶd aĐƋuire Đoŵparaďle effeĐtor fuŶĐtioŶs iŶ ŵuriŶe hosts. Although tǁo ŵaũor huŵaŶ 
DC  populatioŶs  ʹCDϭĐ+  DCs  aŶd  CDϭϰϭ+  DCsͲ  ǁere  deteĐtaďle  iŶ  the  gastriĐ  >W,  their  Ŷuŵďers  aŶd 
freƋueŶĐies  ǁere  so  loǁ  ;uŶder  ϮйͿ  that  deteĐtiŶg  RFW  sigŶals  iŶ  these  populatioŶs ǁas  iŵpossiďle. 
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Furtherŵore, ǁe fouŶd Ŷo eǀideŶĐe of iŶĐreased >W TͲĐell freƋueŶĐies iŶ iŶfeĐted ŵiĐe, aŶd also Đould Ŷot 
deteĐt  differeŶĐes  iŶ  ĐoloŶizatioŶ  leǀels  iŶ  reĐoŶstituted  relatiǀe  to  ŶoŶͲreĐoŶstituted  MISTRG  ŵiĐe 
;Figure ϰE aŶd data Ŷot shoǁŶͿ. IŶ suŵŵarǇ, MISTRG ŵiĐe are highlǇ perŵissiǀe to huŵaŶ ŵǇeloid Đell 
eŶgraftŵeŶt iŶ the gastriĐ >W; the reĐruitŵeŶt of phagoĐǇtes to the iŶfeĐted ŵuĐosa, aŶd their saŵpliŶg 
of  H.  pylori,  iŶdiĐates  that  iŶŶate  respoŶses  to  ŵuĐosal  ŵiĐroďes  ĐaŶ  ďe  studied  ŵeaŶiŶgfullǇ  iŶ 
huŵaŶized ŵiĐe. 
  
dLRϮ and NLRP3 are uƉregulated ďy ŵononuĐlear ƉŚagoĐytes uƉon eǆƉosure to H͘ pylori 
As ǁe aŶd others haǀe shoǁŶ that ďoth the surfaĐeͲeǆposed toll like reĐeptor T>RϮ aŶd the iŶflaŵŵasoŵe 
seŶsor E>RWϯ are ĐritiĐallǇ iŶǀolǀed iŶ deteĐtiŶg H. pylori  iŶfeĐtioŶ iŶ ŵiĐe aŶd iŶ shapiŶg the adaptiǀe 
iŵŵuŶe respoŶse to this iŶfeĐtioŶ ;ϭϱ, Ϯϰ, ϮϱͿ, ǁe sought to eǆaŵiŶe the eǆpressioŶ aŶd regulatioŶ of 
these  faĐtors  iŶ  gastriĐ  >W MW  liŶeages. We  first  surǀeǇed  T>RϮ  aŶd E>RWϯ  eǆpressioŶ  iŶ  ǀarious MW 
populatioŶs  sorted  froŵ  the  gastriĐ  >W.  IŶterestiŶglǇ,  the  eǆpressioŶ  patterŶs  of  T>RϮ  aŶd  E>RWϯ 
oǀerlapped to a large eǆteŶt ;Figure ϱAͿ. oth ǁere eǆpressed stroŶglǇ iŶ ŵaĐrophages ďut Ŷot iŶ CDϭϬϯ+ 
DCs, aŶd at aŶ iŶterŵediate leǀel iŶ CDϭϭď+ DCs ;Figure ϱAͿ. T>RϮ surfaĐe eǆpressioŶ oŶ ŵaĐrophages aŶd 
CDϭϭď+ DCs Đould ďe ǀerified ďǇ FACS of >W Đells, ǁhiĐh further reǀealed iŶterŵediate T>RϮ eǆpressioŶ 
also  oŶ  the  surfaĐe  of  MHCIIͲ  ŵoŶoĐǇtes  aŶd  CDϭϬϯ+CDϭϭď+  DCs  aŶd  high  eǆpressioŶ  oŶ  MHCII+ 
ŵoŶoĐǇtes  ;Figure  ϱͿ.  H.  pylori  iŶfeĐtioŶ  iŶĐreased  the  fraĐtioŶ  of  T>RϮ+  Đells  aŵoŶg  ŵoŶoĐǇtes, 
ŵaĐrophages aŶd CDϭϭď+ DCs, ďut Ŷot aŵoŶg CDϭϬϯ+ DCs ;Figure ϱCͿ. As these populatioŶs eŶĐouŶter 
RFW+ H. pylori iŶ the iŶfeĐted ŵuĐosa ;Figure ϯ,CͿ, ǁe ƋuaŶtified the ŵeaŶ T>RϮ eǆpressioŶ oŶ RFW+ aŶd 
RFWͲ fraĐtioŶs of these populatioŶs. IŶterestiŶglǇ, RFW+ ŵoŶoĐǇtes, ŵaĐrophages aŶd CDϭϭď+ DCs shoǁed 
stroŶger T>RϮ eǆpressioŶ thaŶ their RFWͲ ĐouŶterparts  iŶ the saŵe ŵiĐe ;Figure ϱDͿ. Targeted ƋRTͲWCR 
perforŵed oŶ sorted Đell populatioŶs ĐoŶfirŵed that T>RϮ is iŶdeed upregulated traŶsĐriptioŶallǇ iŶ RFW+ 
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ŵaĐrophages aŶd RFW+ CDϭϭď+ DCs, aŶd is part of a sigŶature that also Đoŵprises E>RWϯ ;aŶd iŶ DCs also 
I>ͲϭϬ;  Figure  ϱEͿ;  the  saŵe  sigŶature  ĐaŶ  ďe  deteĐted  iŶ  sorted ŵaĐrophages  aŶd  CDϭϭď+  DCs  froŵ 
iŶfeĐted relatiǀe to uŶiŶfeĐted ŵiĐe, eǀeŶ if RFW is Ŷot used as a ŵarker for sortiŶg ;suppl. Figure ϯͿ. Eo 
differeŶĐes  iŶ  T>RϮ eǆpressioŶ ǁere oďserǀed upoŶ  iŶfeĐtioŶ  iŶ MW populatioŶs of ŵeseŶteriĐ  lǇŵph 
Ŷodes ;Figure ϱFͿ, ǁhere T>RϮ positiǀitǇ ǁas also geŶerallǇ ŵuĐh loǁer, iŶdiĐatiŶg that the eǆpressioŶ aŶd 
upregulatioŶ  of  T>RϮ  is  a  feature  of  tissueͲresideŶt  populatioŶs.  We  Ŷeǆt  asked  ǁhether  T>RϮ 
upregulatioŶ Đould ďe reĐapitulated ďǇ H. pylori eǆposure of ďoŶeͲŵarroǁͲderiǀed DCs ;MͲDCsͿ. This 
ǁas iŶdeed the Đase ;Figure ϱGͿ; furtherŵore, the approǆiŵatelǇ ϭϬ fold iŶduĐtioŶ of I>ͲϭϬ eǆpressioŶ iŶ 
MͲDCs upoŶ H. pylori eǆposure ǁas ĐlearlǇ depeŶdeŶt oŶ T>RϮ ;Figure ϱHͿ. The ĐoŵďiŶed results iŶdiĐate 
that the ŵoŶoĐǇtes aŶd ŵoŶoĐǇteͲderiǀed ŵaĐrophages aŶd CDϭϭď+ DCs that eŶĐouŶter H. pylori iŶ the 
iŶfeĐted stoŵaĐh eǆpress T>RϮ aŶd E>RWϯ alreadǇ iŶ the steadǇ state,  iŶ ĐoŶtrast to their  lǇŵph Ŷode 
ĐouŶterparts ǁhiĐh are geŶerallǇ T>RϮͲŶegatiǀe, aŶd further upregulate ďoth faĐtors upoŶ eǆposure to H. 
pylori.    
 
NLRP3 is reƋuired for CD11ď+ DC differentiation in tŚe gastriĐ laŵina ƉroƉria and otŚer '/ tissues 
We Ŷeǆt sought to eǆaŵiŶe the role of E>RWϯ aŶd T>RϮ iŶ MW reĐruitŵeŶt to, aŶd fuŶĐtioŶalitǇ iŶ the 
gastriĐ >W. We first eǆaŵiŶed the MW ĐoŵpositioŶ iŶ the >W of E>RWϯͲͬͲ ŵiĐe, iŶ the steadǇ state aŶd duriŶg 
iŶfeĐtioŶ, relatiǀe to ǁild tǇpe ĐoŶtrols. StrikiŶglǇ, the reĐruitŵeŶt of CDϭϭď+ DCs, ďut Ŷot of ŵoŶoĐǇtes, 
ŵaĐrophages or CDϭϬϯ+ DCs to the iŶfeĐted stoŵaĐh ǁas highlǇ depeŶdeŶt oŶ E>RWϯ profiĐieŶĐǇ of the 
aŶiŵals ;Figure ϲAͿ. CoŶsisteŶt ǁith the reported regulatorǇͬaŶtiͲiŶflaŵŵatorǇ fuŶĐtioŶ of E>RWϯ iŶ H. 
pylori  iŶfeĐtioŶ  ;ϭϱͿ,  ǁe  oďserǀed  aŶ  iŶĐrease  iŶ  gastriĐ  Thϭ  polarizatioŶ  aŶd  gastriĐ  ŵuĐosal  IFEͲ? 
eǆpressioŶ iŶ E>RWϯͲͬͲ relatiǀe to ǁild tǇpe ŵiĐe, ǁhile Thϭϳ Đells aŶd I>Ͳϭϳ leǀels ǁere Đoŵparaďle ;Figure 
ϲ,CͿ.  IŶterestiŶglǇ, Thϭ aŶd Thϭϳ freƋueŶĐies iŶ the M>Es ǁere Đoŵparaďle  iŶ ǁild tǇpe aŶd E>RWϯͲͬͲ 
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ŵiĐe ;suppl. Figure ϰAͿ. The eŶhaŶĐed Thϭ differeŶtiatioŶ due to laĐk of E>RWϯ ǁas aĐĐoŵpaŶied ďǇ loǁer 
H.  pylori  ĐoloŶizatioŶ  leǀels  iŶ  the  kŶoĐkͲout  straiŶ  ;Figure  ϲDͿ.  To  address  ǁhether  the  E>RWϯ 
depeŶdeŶĐe of CDϭϭď+ DC differeŶtiatioŶ ǁas eǀideŶt Ŷot oŶlǇ duriŶg iŶfeĐtioŶ, ďut also iŶ the steadǇ 
state aŶd iŶ other gastroiŶtestiŶal tissues, ǁe Đoŵpared the freƋueŶĐies of CDϭϭď+ DCs ;Figure ϲEͿ aŶd of 
other DC suďsets aŶd ŵaĐrophages  ;suppl. Figure ϰͿ  iŶ the >W of stoŵaĐh, sŵall  iŶtestiŶe aŶd ĐoloŶ. 
IŶterestiŶglǇ, although all other eǆaŵiŶed Đell  tǇpes ǁere preseŶt at Ŷorŵal  freƋueŶĐies, CDϭϭď+ DCs 
ǁere aďseŶt iŶ all GI tissues iŶ the steadǇ state. We Ŷeǆt treated ďoth ǁild tǇpe aŶd E>RWϯͲͬͲ ŵiĐe ǁith 
the aŶtiďiotiĐs aŵpiĐilliŶ, ŶeoŵǇĐiŶ, ŵetroŶidazole aŶd ǀaŶĐoŵǇĐiŶ  to eliŵiŶate the ďulk of ŵiĐroďial 
sourĐes of E>RWϯ aĐtiǀatioŶ. This treatŵeŶt failed to reduĐe CDϭϭď+ DC freƋueŶĐies iŶ the ĐoloŶs of ǁild 
tǇpe ŵiĐe to E>RWϯͲͬͲ leǀels ;suppl. Figure ϰCͿ, iŶdiĐatiŶg that ŶoŶͲŵiĐroďial E>RWϯ aĐtiǀatioŶ ŵaǇ ďe ŵore 
iŵportaŶt  thaŶ ŵiĐroďial  E>RWϯ  ligaŶds  iŶ  proŵotiŶg  the  differeŶtiatioŶ  of  CDϭϭď+  DCs.  To  address 
ǁhether  the  E>RWϯ  depeŶdeŶĐe  of  CDϭϭď+  DC  differeŶtiatioŶ  ǁas  ĐellͲiŶtriŶsiĐ,  ǁe  geŶerated  ďoŶe 
ŵarroǁ Đhiŵeras iŶ ǁhiĐh E>RWϯͲprofiĐieŶt aŶd ʹdefiĐieŶt Đells ǁere aŶalǇzed iŶ the saŵe eŶǀiroŶŵeŶt. 
IŶterestiŶglǇ, E>RWϯ ǁas ĐlearlǇ reƋuired iŶ a ĐellͲiŶtriŶsiĐ ŵaŶŶer iŶ CDϭϭď+ DCs for their differeŶtiatioŶ 
iŶ the gastriĐ ŵuĐosa ;Figure ϲF,GͿ. HaǀiŶg shoǁŶ earlier that T>RϮͲͬͲ aŶd E>RWϯͲͬͲ ŵiĐe share ǀerǇ siŵilar 
pheŶotǇpes iŶ terŵs of allergǇ proteĐtioŶ driǀeŶ ďǇ H. pylori ;ϭϱͿ, ǁe speĐulated that the reƋuireŵeŶt of 
CDϭϭď+  DC  differeŶtiatioŶ  for  E>RWϯ ŵight  eǆteŶd  to  T>RϮ.  Although  T>RϮͲͬͲ ŵiĐe  eǆhiďited  siŵilarlǇ 
eleǀated gastriĐ >W Thϭ respoŶses ;Figure ϲH,IͿ aŶd the ĐoŶĐoŵitaŶt reduĐed ĐoloŶizatioŶ leǀels ;Figure 
ϲ:Ϳ,  pheŶoĐopǇiŶg  E>RWϯͲͬͲ  ŵiĐe  iŶ  this  regard,  the  dǇsregulatioŶ  of  TͲĐell  respoŶses  Đould  Ŷot  ďe 
attriďuted to reduĐed CDϭϭď+ DC freƋueŶĐies iŶ the T>RϮͲͬͲ aŶiŵals ;suppl. Figure ϰDͿ. As oďserǀed iŶ the 
M>Es of E>RWϯͲͬͲ ŵiĐe, M>E TͲĐell respoŶses ǁere Ŷorŵal iŶ T>RϮͲͬͲ ŵiĐe ;suppl. Figure ϰEͿ. The ĐoŵďiŶed 
results suggest that CDϭϭď+ DCs haǀe a ĐritiĐal role iŶ ŵaiŶtaiŶiŶg gastriĐ hoŵeostasis, espeĐiallǇ duriŶg 
ĐhroŶiĐ  iŶfeĐtioŶ,  reƋuire  E>RWϯͲŵediated  Đues  froŵ  the  eŶǀiroŶŵeŶt  for  their  differeŶtiatioŶ  iŶ  GI 
tissues, aŶd are depeŶdeŶt oŶ T>RϮ sigŶals for their fuŶĐtioŶalitǇ.  
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dŚe seleĐtiǀe loss of CD1Ϭ3+ DCs reǀeals a diǀision of laďor aŵong gastriĐ laŵina ƉroƉria DC suďsets 
We Ŷeǆt sought to eǆaŵiŶe the fuŶĐtioŶal ĐoŶtriďutioŶ of CDϭϬϯ+ DCs to H. pyloriͲspeĐifiĐ iŵŵuŶitǇ iŶ 
ŵiĐe that laĐk the traŶsĐriptioŶ faĐtor ATFϯ. ATFϯͲͬͲ aŶiŵals eǆhiďit stroŶglǇ reduĐed Ŷuŵďers of CDϭϬϯ+ 
DCs, aŶd ŵoderatelǇ reduĐed CDϭϬϯ+CDϭϭď+ DCs, ďut haǀe Ŷorŵal ĐoŵpleŵeŶts of all other Đell tǇpes iŶ 
their gastriĐ >W, ďoth iŶ the steadǇ state aŶd duriŶg iŶfeĐtioŶ ;Figure ϳAͿ. IŶterestiŶglǇ, ATFϯͲͬͲ ŵiĐe haǀe 
a Đlear defeĐt iŶ geŶeratiŶg loĐal Thϭ respoŶses ;Figure ϳ,CͿ aŶd iŶ ĐoŶtrolliŶg the iŶfeĐtioŶ ;Figure ϳDͿ, 
although  their M>E  TͲĐell  respoŶses ǁere  Ŷorŵal  ;Figure  ϳEͿ.  The  fiŶdiŶgs  suggest  that  CDϭϬϯ+  DCs, 
despite Ŷeǀer eŶĐouŶteriŶg RFW+ H. pylori direĐtlǇ ;Figure ϯCͿ Ŷeǀertheless haǀe a proŵiŶeŶt aŶd ŶoŶͲ
reduŶdaŶt role iŶ proǀidiŶg the loĐal sigŶals driǀiŶg Thϭ eǆpaŶsioŶ.  
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DisĐussion 
Our  Đoŵparatiǀe  aŶalǇsis  of MW  eǀolutioŶ  iŶ  earlǇ  life  reǀealed  the  stoŵaĐh  to  ďe  a  predoŵiŶaŶtlǇ 
ŵǇeloid orgaŶ, ǁith little or Ŷo lǇŵphoĐǇte ĐoŶtriďutioŶ to the oǀerall leukoĐǇte populatioŶ; this ǁas iŶ 
sharp ĐoŶtrast to ďoth the sŵall aŶd large iŶtestiŶe, ǁhere lǇŵphoĐǇtes are the doŵiŶaŶt iŵŵuŶe Đell 
ĐoŵpartŵeŶts. The ŶeoŶatal stoŵaĐh is speĐial iŶ that it is populated ďǇ MW suďsets that disappear later 
iŶ life, at least iŶ the steadǇ state: MHCIIͲŶegatiǀe ŵoŶoĐǇtesͬŵaĐrophages, CDϭϬϯ+ DCs aŶd CDϭϭď+ DCs 
are all iŶitiallǇ preseŶt at daǇ ϳ, aŶd graduallǇ deĐliŶe ǁithiŶ the first ϮͲϰ ǁeeks of life. The draŵatiĐ loss 
of eŶtire populatioŶs is Ŷot oďserǀed iŶ the sŵall iŶtestiŶe, ǁhiĐh shoǁs ŵore or less gradual iŶĐreases iŶ 
all MW populatioŶs as ǁell as iŶ oǀerall ĐellularitǇ. UpoŶ iŶfeĐtioŶ ǁith H. pylori, the ĐoŵpositioŶ of the 
gastriĐ >W ĐhaŶges profouŶdlǇ, ǁith a roďust ďut ŶuŵeriĐallǇ ŵodest iŶĐrease oďserǀed iŶ all three DC 
suďsets as ǁell as ŵoŶoĐǇtes aŶd ŵaĐrophages, aŶd a ŶuŵeriĐallǇ ŵuĐh ŵore strikiŶg iŶĐrease oďserǀed 
iŶ Ŷeutrophils aŶd CDϰ+ TͲĐells. sirtuallǇ all iŶfiltratiŶg TͲĐells are aĐtiǀated aŶd polarized to produĐe Thϭ 
aŶdͬor Thϭϳ ĐǇtokiŶes; this  is  iŶ ĐoŶtrast to the ŶaŢǀe stoŵaĐh, ǁhere TͲĐells are eǆtreŵelǇ sĐarĐe. As 
reported  preǀiouslǇ  ;ϭϲͿ  oŶlǇ  the  eǆposure  of  adult  ŵiĐe  results  iŶ  stroŶg  TͲĐell  iŶfiltratioŶ  aŶd  a 
ĐoŶĐoŵitaŶt  ĐoŶtrol  of  the  iŶfeĐtioŶ;  iŶ  ĐoŶtrast,  ŶeoŶatal  eǆposure  fails  to  attraĐt  TͲĐells  ;eǀeŶ  as 
iŶfeĐted ŵiĐe ageͿ, eǆplaiŶiŶg ǁhǇ ŶeoŶatallǇ iŶfeĐted ŵiĐe sustaiŶ high leǀels of H. pylori ĐoloŶizatioŶ 
for life ;ϭϲͿ. IŶ the ŶeoŶatal stoŵaĐh, H. pylori iŶitiallǇ eŶĐouŶters CDϭϬϯ+ DCs aŶd CDϭϭď+ DC aŶd MHCIIͲ 
ŵaĐrophageͬŵoŶoĐǇte populatioŶs that are Ŷot fouŶd at suĐh high Ŷuŵďers iŶ the adult stoŵaĐh; the 
differeŶĐes iŶ the doŵiŶaŶt AWC populatioŶs at the tiŵe of first eŶĐouŶter ŵaǇ aĐĐouŶt for the differeŶĐes 
iŶ TͲĐell reĐruitŵeŶt aŶd polarizatioŶ. 
The iŶĐrease iŶ MW Ŷuŵďers iŶ the iŶfeĐted gastriĐ ŵuĐosa is highlǇ depeŶdeŶt oŶ CCRϮ; ďoŶe ŵarroǁ 
Đhiŵera eǆperiŵeŶts reǀealed, hoǁeǀer, that oŶlǇ ĐertaiŶ liŶeages ;ŵoŶoĐǇtes, ŵaĐrophages aŶd CDϭϭď+ 
DCsͿ  shoǁ  a  ĐellͲiŶtriŶsiĐ  reƋuireŵeŶt  of  CCRϮ  sigŶaliŶg  for  their  tissue  reĐruitŵeŶt.  oŶa  ĨiĚe  DC 
populatioŶs ;CDϭϬϯ+ CDϭϭď+ aŶd CDϭϬϯ+ CDϭϭďͲͿ are preseŶt iŶ Ŷorŵal Ŷuŵďers iŶ the iŶfeĐted ŵuĐosa 
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eǀeŶ  if  theǇ  laĐk  CCRϮ.  This  fiŶdiŶg  is  iŶ  agreeŵeŶt  ǁith  preǀious  reports  shoǁiŶg  that  >ǇϲChiCCRϮ+ 
ŵoŶoĐǇtes giǀe rise to ŵaĐrophages aŶd CǆϯCRϭdiŵ CDϭϭď+ MWs iŶ ďoth healthǇ aŶd iŶflaŵed ĐoloŶ iŶ a 
proĐess  that  iŶǀolǀes  doǁŶregulatioŶ  of  >ǇϲC,  aŶd  upregulatioŶ  of  MHCII,  CDϭϭĐ,  CXϯCRϭ  aŶd  ;iŶ 
ŵaĐrophagesͿ FϰͬϴϬ aŶd CDϲϰ ;ϵͿ, ǁhereas the tǁo CDϭϬϯ+ DC suďsets arise froŵ Fltϯ>ͲdepeŶdeŶt preͲ
DC  progeŶitors  that  Ŷeither  eǆpress  Ŷor  reƋuire  CCRϮ  ;Ϯϲ,  ϮϳͿ.  aiŶ  et  al  further  raise  the  iŶtriguiŶg 
possiďilitǇ that CǆϯCRϭdiŵ CDϭϭď+ MWs represeŶt aŶ iŶterŵediate Đell tǇpe iŶ arrested deǀelopŵeŶt uŶder 
ĐoŶditioŶs of iŶflaŵŵatioŶ ;ϵͿ. This ǀieǁ is ĐhalleŶged ďǇ geŶetiĐ traĐiŶg eǆperiŵeŶts liŶkiŶg CDϭϭď+ DCs 
to  a  preͲDC  progeŶitor  ;ϮϴͿ; ŵore  reĐeŶt  eǀideŶĐe  ĐoŶfirŵed  that  iŶtestiŶal  CDϭϭď+ MWs  are  iŶdeed 
ĐlassiĐal DCs deriǀed froŵ Fltϯ ligaŶdͲdepeŶdeŶt, DCͲĐoŵŵitted preĐursors despite the faĐt that a large 
fraĐtioŶ of these Đells eǆpresses CCRϮ ;ϭϭͿ. Our data iŶdiĐate that CXϯCRϭdiŵ CDϭϭď+ MWs, ǁhiĐh are ǀerǇ 
aďuŶdaŶt iŶ the H. pyloriͲiŶfeĐted ŵuĐosa, eǆhiďit properties of ďoth DCs aŶd ŵaĐrophages, as theǇ are 
largelǇ  aďseŶt  iŶ  Fltϯ>ͲdefiĐieŶt ŵiĐe,  ďut  share ŵaŶǇ  surfaĐe  reĐeptors  ;CXϯCRϭ,  T>RϮͿ  aŶd  the  ĐellͲ
iŶtriŶsiĐ deǀelopŵeŶtal CCRϮ reƋuireŵeŶt ǁith ŵaĐrophages.  
The geŶeratioŶ of RFWͲeǆpressiŶg ďaĐteria  alloǁed us  to address ǁhiĐh MW populatioŶs eŶĐouŶter H. 
pylori iŶ the iŶfeĐted ŵuĐosa. To our surprise, ǁe fouŶd that MHCII+ ŵoŶoĐǇtes, ŵaĐrophages aŶd CDϭϭď+ 
DCs, ďut Ŷot FltϯͲdepeŶdeŶt CDϭϬϯ+ DC liŶeages, shoǁed eǀideŶĐe of reĐeŶt H. pylori eŶĐouŶters. This 
ǁas partiĐularlǇ strikiŶg as CDϭϬϯ+ DCs ǁere aďsolutelǇ reƋuired for the geŶeratioŶ of the Thϭ respoŶse 
that ultiŵatelǇ ĐoŶtrols H. pylori iŶ the stoŵaĐh. The result iŵplies that aŶtigeŶ traŶsfer oĐĐurs aŵoŶg 
MW  populatioŶs,  either  loĐallǇ  iŶ  the  iŶfeĐted ŵuĐosa,  or  iŶ  the  draiŶiŶg  lǇŵph  Ŷodes;  our  data  are 
reŵiŶisĐeŶt of a reĐeŶt report deŵoŶstratiŶg traŶsfer of ;fedͿ aŶtigeŶs froŵ iŶtestiŶal CXϯCRϭͲpositiǀe 
ŵaĐrophages to CDϭϬϯ+ DCs iŶ ŵodels of oral toleraŶĐe ;ϮϵͿ. The ďaĐteriallǇ deriǀed RFW sigŶal further 
alloǁed us  to  studǇ  the  ĐoŶseƋueŶĐes  of H.  pylori  ĐoŶtaĐt  for MW  geŶe  eǆpressioŶ ďǇ  ĐoŵparisoŶ of 
traŶsĐripts ďetǁeeŶ RFWͲpositiǀe aŶd ʹŶegatiǀe fraĐtioŶs of the saŵe MW populatioŶs. Eot surprisiŶglǇ, 
ǁe fouŶd the aŶtiͲiŶflaŵŵatorǇ ĐǇtokiŶe I>ͲϭϬ to ďe iŶduĐed iŶ CDϭϭď+ DCs upoŶ H. pylori ĐoŶtaĐt; this 
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fiŶdiŶg is iŶ agreeŵeŶt ǁith our preǀious oďserǀatioŶ that the DCͲiŶtriŶsiĐ produĐtioŶ of I>ͲϭϬ ;ǁhiĐh ǁe 
eǆaŵiŶed  iŶ  ϭϭĐͲCre  ǆ  I>ͲϭϬflͬfl  ŵiĐeͿ  is  reƋuired  for  H.  pyloriͲiŶduĐed  iŵŵuŶe  toleraŶĐe  aŶd  the 
proteĐtioŶ agaiŶst allergiĐ asthŵa that is a hallŵark of ŶeoŶatallǇ iŶfeĐted ŵiĐe ;ϯϬͿ. We further fouŶd 
that T>RϮ aŶd E>RWϯ traŶsĐripts are ĐoͲiŶduĐed upoŶ H. pylori ĐoŶtaĐt iŶ CDϭϭď+ DCs, a fiŶdiŶg that is iŶ 
liŶe ǁith our aŶd others͛ earlier oďserǀatioŶs that ďoth T>RϮ aŶd E>RWϯ are reƋuired for iŶflaŵŵasoŵe 
aĐtiǀatioŶ aŶd I>Ͳϭ? aŶd I>Ͳϭϴ proĐessiŶg ďǇ ĐaspaseͲϭ upoŶ H. pylori iŶfeĐtioŶ of MͲDCs ;ϭϱ, Ϯϰ, ϮϱͿ. IŶ 
ĐoŶtrast to CDϭϭď+ DCs, CDϭϬϯ+ DCs eǆpress ǀerǇ loǁ T>RϮ at steadǇ state, do Ŷot eŶĐouŶter H. pylori aŶd 
thus  are  uŶlikelǇ  to  serǀe  as  iŵportaŶt  sourĐes  of  iŶflaŵŵasoŵeͲdepeŶdeŶt  ĐǇtokiŶes.  As  the 
T>RϮͬE>RWϯͬĐaspaseͲϭͬI>Ͳϭϴ aǆis is reƋuired for tolerogeŶiĐ respoŶses to H. pylori, ďut Ŷot for iŵŵuŶitǇ 
;ϭϯ,  ϭϱͿ, ǁe propose  that CDϭϭď+ DCs  are  the ŵaiŶ driǀers of  toleraŶĐeͲ  aŶd hoŵeostasisͲproŵotiŶg 
proĐesses iŶ the iŶfeĐted stoŵaĐh. 
Yuite uŶeǆpeĐtedlǇ, ǁe fouŶd E>RWϯ to ďe ĐellͲiŶtriŶsiĐallǇ reƋuired for the loĐal differeŶtiatioŶ of CDϭϭď+ 
DCs, Ŷot oŶlǇ iŶ the stoŵaĐh duriŶg iŶfeĐtioŶ, ďut throughout the GI traĐt iŶ ďoth the steadǇ state aŶd 
duriŶg iŶfeĐtioŶ. Whether this propertǇ of E>RWϯ is liŶked to its role as a ĐǇtoplasŵiĐ seŶsor aŶd trigger 
of  iŶflaŵŵasoŵe  aĐtiǀatioŶ  ĐurreŶtlǇ  reŵaiŶs  uŶĐlear.  It  ǁill  ďe  of  iŶterest  to  iŶǀestigate  ǁhether 
ŵiĐroďial or hostͲderiǀed WAMWs or DAMWs serǀe as sigŶals for CDϭϭď+ DC differeŶtiatioŶ iŶ tissues; our 
preliŵiŶarǇ  data  oďtaiŶed  iŶ  aŶtiďiotiĐͲtreated  ŵiĐe  iŶdiĐate  that  ŵiĐroďial  stiŵuli  are  Ŷot  the 
predoŵiŶaŶt sourĐe of E>RWϯ aĐtiǀatioŶ.  Also, it ǁill ďe iŶterestiŶg to see ǁhether CDϭϭď+ DCs at other 
ŵuĐosal  tissues  of  the  ďodǇ  populated  ďǇ  a  resideŶt  ŵiĐroďiota,  suĐh  as  the  airǁaǇs,  share  the 
deǀelopŵeŶtal reƋuireŵeŶt for E>RWϯ.  
IŶterestiŶglǇ, gastriĐ CDϭϬϯ+ DC populatioŶs Ŷeither eǆpress E>RWϯ iŶ the steadǇ state, Ŷor do theǇ iŶduĐe 
it upoŶ H. pylori iŶfeĐtioŶ, Ŷor is their freƋueŶĐǇ iŶ the >W altered due to E>RWϯ defiĐieŶĐǇ. StrikiŶglǇ, ǁe 
fouŶd ATFϯͲdepeŶdeŶt CDϭϬϯ+ DCs, ǁhiĐh appear to Ŷeǀer ďe iŶ direĐt ĐoŶtaĐt ǁith liǀe H. pylori, to ďe 
striĐtlǇ  reƋuired  for  iŵŵuŶitǇ as  their  loss aďrogated  iŵŵuŶe ĐoŶtrol driǀeŶ ďǇ ThϭͲpolarized TͲĐells. 
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These data are iŶ  liŶe ǁith preǀious eǀideŶĐe of a ĐritiĐal role of ATFϯͲdepeŶdeŶt CDϭϬϯ+ DCs iŶ Thϭ 
aĐtiǀatioŶ aŶdͬor eǆpaŶsioŶ iŶ ŵodels of >eiƐŚŵaŶia ŵaũor iŶfeĐtioŶ ;ϯϭͿ aŶd iŵŵuŶe proteĐtioŶ agaiŶst 
a  ŶeǁlǇ  ideŶtified  protist, dritriĐŚoŵoŶaƐ ŵƵƐĐƵliƐ, ǁhiĐh  ĐoloŶizes  the ŵuriŶe  iŶtestiŶe  aŶd  triggers 
stroŶglǇ ThϭͲpolarized TͲĐell respoŶses ;ϯϮͿ. Our data support a ŵodel ǁhere ATFϯͲdepeŶdeŶt DCs are 
dispeŶsaďle for TͲĐell priŵiŶg Ͳas ǁe fiŶd Thϭ freƋueŶĐies iŶ the M>Es to ďe relatiǀelǇ ŶorŵalͲ ďut rather 
are reƋuired for loĐal Thϭ eǆpaŶsioŶ iŶ the tissue. ATFϯͲdepeŶdeŶt CDϭϬϯ+ DCs of the GI traĐt are ďetter 
kŶoǁŶ  for  their poteŶĐǇ at  driǀiŶg CDϴ+  T Đell  iŵŵuŶitǇ  ;ϳ,  Ϯϲ, ϮϳͿ  aŶd  for  their  role  iŶ priŵiŶg Treg 
differeŶtiatioŶ through the produĐtioŶ of retiŶoiĐ aĐid ;ϯϯͿ, although their eǆĐlusiǀe, ŶoŶͲreduŶdaŶt role 
iŶ proŵotiŶg TregͲdriǀeŶ toleraŶĐe ǁas reĐeŶtlǇ ĐhalleŶged iŶ aŶ oral tolerizatioŶ ŵodel ;ϯϰͿ. Our data, 
as ǁell as the results froŵ the >eiƐŚŵaŶia aŶd dritriĐŚoŵoŶaƐ ŵƵƐĐƵliƐ ŵodels, attriďute aŶ additioŶal 
ThϭͲproŵotiŶg fuŶĐtioŶ to this ǀersatile DC suďset, at least iŶ the GI traĐt. IŶ suŵŵarǇ, ǁe shoǁ here that 
the gastriĐ laŵiŶa propria is populated ďǇ a Đoŵpleǆ Ŷetǁork of ŵoŶoŶuĐlear phagoĐǇtes iŶ the steadǇ 
state aŶd espeĐiallǇ duriŶg iŶfeĐtioŶ, ǁhiĐh orĐhestrates a fiŶe ďalaŶĐe of ŵaiŶtaiŶiŶg tissue hoŵeostasis 
ǁhile effeĐtiǀelǇ ĐoŶtrolliŶg iŶǀadiŶg pathogeŶs.    
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DetŚods 
niŵal eǆƉeriŵentation͘ Cϱϳ>ͬϲ WT, ϲ.S:>ͲCdϰϱ.ϭ, dlrϮʹͬʹ, Elrpϯʹͬʹ, CĐrϮʹͬʹ, atĨϯ ʹͬ ʹaŶĚ yϯZϭ'&Wͬн 
ŵiĐe ǁere origiŶallǇ oďtaiŶed froŵ the :aĐksoŶ laďoratorǇ. All straiŶs, as ǁell as MISTRG, ǁere ďred aŶd 
ŵaiŶtaiŶed uŶder speĐifiĐ pathogeŶʹfree ĐoŶditioŶs  iŶ aĐĐredited aŶiŵal  faĐilities at  the UŶiǀersitǇ of 
ZüriĐh. All aŶiŵal eǆperiŵeŶtatioŶ ǁas reǀieǁed aŶd approǀed ďǇ the ZüriĐh CaŶtoŶal seteriŶarǇ OffiĐe 
;liĐeŶĐes  ZHϭϳϬͬϮϬϭϰ,  ZHϮϰͬϮϬϭϯ  aŶd  ZHϮϯϱͬϮϬϭϱ  to  A.M.Ϳ.  For  the  geŶeratioŶ  of  ďoŶeͲŵarroǁ 
Đhiŵeras, ϲ WT ŵiĐe ǁere irradiated ǁith ϭϬ.ϱ GǇ aŶd reĐoŶstituted i.ǀ. ǁith aŶ eƋual Ŷuŵďer of M 
Đells froŵ WT CDϰϱ.ϭ aŶd CĐrϮʹͬʹ CDϰϱ.Ϯ or Elrpϯʹͬʹ CDϰϱ.Ϯ ŵiĐe ;ϭ.ϱǆϭϬϳ Đellsͬ ŵouseͿ. MiĐe ǁere rested 
for ϲ ǁeeks ďefore ďeiŶg used iŶ eǆperiŵeŶts. For the geŶeratioŶ of huŵaŶized ŵiĐe, ŶeǁďorŶ MISTRG 
ŵiĐe ǁere iŶũeĐted iŶtraͲhepatiĐallǇ ǁith Ϯ.ϱпϭϬϱ CDϯϰ+ Đells ϯ daǇs after ďirth. CDϯϰ+ Đells ǁere isolated 
froŵ huŵaŶ Đord ďlood ǁith iŵŵuŶoŵagŶetiĐ ďeads ;MilteŶǇi ioteĐͿ ǁith a Ǉield of Ϭ.ϱʹϰпϭϬϲ CDϯϰ+ 
Đells per doŶor ;puritǇ хϵϬйͿ aŶd ǁere stored  iŶ  liƋuid ŶitrogeŶ uŶtil use. MiĐe ǁere  iŶfeĐted ǁith H. 
pylori  ϰ  ǁeeks  after  reĐoŶstitutioŶ  aŶd  aŶalǇsed  ϰ ǁeeks  later.  For  the  depletioŶ  of  gut  ĐoŵŵeŶsal 
ŵiĐroďiota, aŶiŵals ǁere giǀeŶ aŵpiĐilliŶ ;ϭരgരlоϭ; SigŵaͿ, ǀaŶĐoŵǇĐiŶ ;ϱϬϬരŵgരlоϭ; AppliĐheŵͿ, ŶeoŵǇĐiŶ 
sulphate  ;E;  ϭരgരlоϭ;  AppliĐheŵͿ,  aŶd  ŵetroŶidazole  ;ϭരgരlоϭ;  SigŵaͿ  iŶ  driŶkiŶg  ǁater  for  ϳ  ǁeeks  as 
desĐriďed ;ϯϱͿ prior to aŶalǇsis. 
H͘ pylori strains͕ Đulture Đonditions and Đolony Đounting  
MiĐe ǁere iŶfeĐted orallǇ oŶ tǁo ĐoŶseĐutiǀe daǇs ǁith ϭϬϴ CFU H. pylori WMSSϭ at ϲ ǁeeks or ϳ daǇs of 
age aŶd aŶalǇzed at ϭ aŶd ϯ ŵoŶths p.i. uŶless speĐified otherǁise. The H. pylori straiŶ used iŶ this studǇ, 
WMSSϭ, is a ĐliŶiĐal isolate of a patieŶt ǁith duodeŶal ulĐer aŶd the pareŶtal straiŶ of the ŵouseͲderiǀatiǀe 
SǇdŶeǇ straiŶ ϭ ;SSϭͿ ;ϭϲͿ. The WMSSϭ RFW isogeŶiĐ ŵutaŶt ǁas desĐriďed preǀiouslǇ ;ϯϲͿ. H. pylori ǁas 
groǁŶ  oŶ  horse  ďlood  agar  plates  aŶd  iŶ  liƋuid  Đulture  as  desĐriďed  preǀiouslǇ  ;ϭϲͿ.  Cultures  ǁere 
routiŶelǇ assessed ďǇ light ŵiĐrosĐopǇ for ĐoŶtaŵiŶatioŶ, ŵorphologǇ, aŶd ŵotilitǇ. 
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/nfeĐtion of ŵouse DDCs͘ MuriŶe ďoŶe ŵarroǁ steŵ Đells  froŵ doŶor ŵiĐe ǁere used to geŶerate 
MDCs ďǇ flushiŶg the feŵur aŶd tiďia. Cells ǁere resuspeŶded iŶ RWMIͲϭϲϰϬ ŵediuŵ suppleŵeŶted ǁith 
ϭϬй fetal ďoǀiŶe seruŵ, ϭϬϬരUരŵlоϭ peŶiĐilliŶͬstreptoŵǇĐiŶ aŶd ϮϬŶgͬŵl GMͲCSF ;WeproTeĐhͿ, aŶd seeded 
at a deŶsitǇ of Ϭ.ϳǆϭϬϲ Đellsͬŵl. Cells ǁere Đultured at ϯϳΣC for ϲ daǇs aŶd additioŶal ŵediuŵ ǁas added 
eǀerǇ ϯ daǇs.  At daǇ ϳ, Đells ǁere ǁashed aŶd resuspeŶded iŶ RWMIͲϭϲϰϬ ŵediuŵ suppleŵeŶted ǁith 
ϭϬй fetal ďoǀiŶe seruŵ aŶd ϭϬй ruĐella roth ;eĐtoŶ DisĐkiŶsoŶͿ prior to iŶfeĐtioŶ ǁith H. pylori.  
LeuŬoĐyte  /solation͘  For  laŵiŶa  propria  leukoĐǇte  isolatioŶ,  gastroiŶtestiŶal  tissues  ǁere  opeŶed 
loŶgitudiŶallǇ, ǁashed aŶd Đut iŶto pieĐes. WeǇer͛s patĐhes ǁere reŵoǀed froŵ the sŵall iŶtestiŶe. WieĐes 
ǁere iŶĐuďated iŶ HaŶksΖ ďalaŶĐed salt solutioŶ ǁith ϭϬй FCS aŶd ϱ ŵM EDTA at ϯϳΣC to reŵoǀe epithelial 
Đells. Tissue ǁas digested at ϯϳരΣC for ϱϬ ŵiŶ iŶ a shakiŶg iŶĐuďator ǁith ϭϱ ŵM HEWES, ϱϬϬ Uͬŵl of tǇpe 
Is ĐollageŶase ;SigŵaͲAldriĐhͿ aŶd Ϭ.Ϭϱരŵgരŵlоϭ DEase I iŶ RWMIͲϭϲϰϬ ŵediuŵ suppleŵeŶted ǁith ϭϬй 
fetal ďoǀiŶe seruŵ aŶd ϭϬϬരUരŵlоϭ peŶiĐilliŶͬstreptoŵǇĐiŶ. Cells ǁere theŶ laǇered oŶto a ϰϬͬϴϬй WerĐoll 
gradieŶt, ĐeŶtrifuged, aŶd the iŶterfaĐe ǁas ǁashed iŶ WS ǁith Ϭ.ϱй SA. M>E Đell suspeŶsioŶs ǁere 
prepared ďǇ digestiŶg the tissue ǁith ϱϬϬ Uͬŵl of tǇpe Is ĐollageŶase iŶ RWMIͲϭϲϰϬ ŵediuŵ for ϭϱ ŵiŶ 
folloǁed ďǇ pushiŶg through a Đell straiŶer usiŶg a sǇriŶge pluŶger. 
&loǁ Đytoŵetry͕ Đell sorting and Đounting͘ For surfaĐe staiŶiŶg, Đells ǁere staiŶed iŶ WS ǁith Ϭ.ϱй ďoǀiŶe 
seruŵ alďuŵiŶ ǁith a fiǆaďle ǀiaďilitǇ dǇe aŶd a ĐoŵďiŶatioŶ of the folloǁiŶg aŶtiďodies: aŶtiͲŵouse CDϰϱ 
;ϯϬͲFϭϭͿ, CDϰϱ.ϭ ;AϮϬͿ, CDϰϱ.Ϯ ;ϭϬϰͿ, CDϭϭĐ ;EϰϭϴͿ, MHCII ;Mϱͬϭϭϰ.ϭϱ.ϮͿ, FϰͬϴϬ ;MϴͿ, CDϭϬϯ ;MϮEϳͿ, 
CDϭϭď ;MϭͬϳϬͿ, >ǇϲG ;ϭAϴͿ, >ǇϲC ;HKϭ.ϰͿ, CDϰ ;RMϰͲϱͿ aŶd TCRɴ ;HϱϳͲϱϵϳͿ ;all froŵ io>egeŶdͿ;  aŶtiͲ
ŵouse SigleĐͲF ;EϱϬͲϮϰϰϬͿ ;froŵ D iosĐieŶĐesͿ; aŶtiͲŵouse CDϮϴϮͬT>RϮ ;ϲCϮ, AffǇŵetriǆͿ; aŶtiͲhuŵaŶ 
CDϰϱ ;HIϯϬͿ, CDϭϰ ;MϱEϮͿ, CDϭϲ ;ϯGϴͿ, CDϯϯ ;Wϲϳ.ϲͿ aŶd CDϭϲϯ ;GHIͬϲϭͿ ;all froŵ io>egeŶdͿ. FĐ ďloĐk 
;aŶtiͲCDϭϲͬCDϯϮ, AffǇŵetriǆͿ ǁas  iŶĐluded  to ŵiŶiŵize ŶoŶspeĐifiĐ  aŶtiďodǇ ďiŶdiŶg.  For  iŶtraĐellular 
ĐǇtokiŶe staiŶiŶg of T Đells, Đells ǁere iŶĐuďated for ϯ.ϱരh iŶ Đoŵplete IMDM ŵediuŵ ĐoŶtaiŶiŶg Ϭ.ϭരʅM 
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phorďol  ϭϮͲŵǇristate  ϭϯͲaĐetate  aŶd  ϭരʅM  ioŶoŵǇĐiŶ  ǁith  ϭ:ϭ,ϬϬϬ  refeldiŶ  A  ;eiosĐieŶĐeͿ  aŶd 
GolgiStop  solutioŶs  ;D iosĐieŶĐesͿ  at  ϯϳരΣC  iŶ  a  huŵidified  iŶ  a  huŵidified  iŶĐuďator ǁith  ϱй COϮ. 
FolloǁiŶg  surfaĐe  staiŶiŶg,  Đells  ǁere  fiǆed  aŶd  perŵeaďilized  ǁith  the  CǇtofiǆͬCǇtoperŵ 
FiǆatioŶͬWerŵeaďilizatioŶ SolutioŶ Kit ;D iosĐieŶĐesͿ aĐĐordiŶg to the ŵaŶufaĐturerΖs iŶstruĐtioŶs. Cells 
ǁere staiŶed for ϱϬരŵiŶ ǁith aŶtiďodies to I>ͲϭϳA ;TCϭϭͲϭϴHϭϬ.ϭͿ aŶd IFEɶ ;XMGϭ.Ϯ, iolegeŶdͿ. Total 
leukoĐǇte ĐouŶts ǁere deterŵiŶed ďǇ addiŶg ĐouŶtrightΡ Aďsolute CouŶtiŶg eads ;>ife teĐhŶologiesͿ 
to eaĐh saŵple prior to aŶalǇsis. Saŵples ǁere aŶalǇzed oŶ a >SRII Fortessa ;D iosĐieŶĐesͿ or sorted oŶ 
a FACSAriaIII ;D iosĐieŶĐesͿ to a puritǇ of хϵϱй. AŶalǇsis ǁas perforŵed usiŶg Floǁ:o softǁare ;Tree 
Star, AshlaŶd, ORͿ. 
Yuantitatiǀe PCR͘ REA ǁas isolated froŵ sĐraped gastriĐ ŵuĐosa, MDCs or froŵ FACSͲsorted Đells usiŶg 
the  REeasǇ  MiŶi  kit  ;YIAGEEͿ  aĐĐordiŶg  to  the  ŵaŶufaĐturerΖs  iŶstruĐtioŶs.  CoŵpleŵeŶtarǇ  DEA 
sǇŶthesis ǁas perforŵed usiŶg SupersĐript III reǀerse traŶsĐriptase ;YIAGEEͿ. YuaŶtitatiǀe WCR reaĐtioŶs 
for the ĐaŶdidate geŶes ǁere perforŵed usiŶg TaƋMaŶ geŶe eǆpressioŶ assaǇs ;IfŶg MŵϬϭϭϲϴϭϯϰͺŵϭ, 
Ilϭϳa MŵϬϬϰϯϵϲϭϴͺŵϭ, IlϭϬ MŵϬϭϮϴϴϯϴϲͺŵϭ, TlrϮ MŵϬϬϰϰϮϯϰϲͺŵϭ, Ealpϯ MŵϬϬϴϰϬϵϬϰͺŵϭ, Hprt 
MŵϬϯϬϮϰϬϳϱͺŵϭ; Applied iosǇsteŵsͿ or SzR GreeŶ ;GAWDH fǁ: ϱ͛Ͳ 
GAC ATT GTT GCC ATC AAC GAC CͲϯ͛ ͬ GAWDH rǀ: ϱ͛ͲCCC GTT GAT GAC CAGCTT CCͲϯ͛, I>ͲϭϬ fǁ: ϱ͛ͲCAG 
AGC  CAC  ATG  CTC  CTA  GAͲϯ͛  ͬ  I>ͲϭϬ  rǀ:  ϱ͛ͲTGT  CCA  GCT  GGT  CCT  TTG  TT  Ͳϯ͛;  Tŵ  ϲϬΣC,  ϱϬ  ĐǇĐlesͿ 
CoŵpleŵeŶtarǇ  DEA  saŵples  ǁere  aŶalǇzed  iŶ  dupliĐate  usiŶg  a  >ight  CǇĐler  ϰϴϬ  deteĐtioŶ  sǇsteŵ 
;RoĐheͿ aŶd geŶe eǆpressioŶ leǀels for eaĐh saŵple ǁere Ŷorŵalized to HWRT or GAWDH eǆpressioŶ. MeaŶ 
relatiǀe geŶe eǆpressioŶ ǁas deterŵiŶed, aŶd the differeŶĐes ǁere ĐalĐulated usiŶg the ϮȴC;tͿ ŵethod.  
 
^tatistiĐal  nalysis͘  StatistiĐal  aŶalǇsis  ǁas  perforŵed  ǁith  Wrisŵ  ϲ.Ϭ  ;GraphWad  SoftǁareͿ.  The 
ŶoŶparaŵetriĐ MaŶŶͲWhitŶeǇ test ǁas used for all statistiĐal ĐoŵparisoŶs. DiffereŶĐes ǁere ĐoŶsidered 
statistiĐallǇ sigŶifiĐaŶt ǁheŶ p ф Ϭ.Ϭϱ. 
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ďaĐterial pathogeŶ HeliĐoďaĐter pǇlori. Eat Zeǀ DiĐroďiol. ϮϬϭϯ;ϭϭ;ϲͿ:ϯϴϱͲϵϵ. 
ϭϯ.  Oertli M, SuŶdƋuist M, Hitzler I, EŶgler D, ArŶold IC, Reuter S, MaǆeiŶer :, HaŶssoŶ M, Tauďe C, 
YuidiŶgͲ:arďriŶk M, et al. DCͲderiǀed I>Ͳϭϴ driǀes Treg differeŶtiatioŶ, ŵuriŶe HeliĐoďaĐter pǇloriͲ
speĐifiĐ iŵŵuŶe toleraŶĐe, aŶd asthŵa proteĐtioŶ. : liŶ /ŶǀeƐt. ϮϬϭϮ;ϭϮϮ;ϯͿ:ϭϬϴϮͲϵϲ. 
ϭϰ.  Oertli M, EoďeŶ M, EŶgler D, Seŵper RW, Reuter S, MaǆeiŶer :, Gerhard M, Tauďe C, aŶd Muller 
A. HeliĐoďaĐter pǇlori gaŵŵaͲglutaŵǇl traŶspeptidase aŶd ǀaĐuolatiŶg ĐǇtotoǆiŶ proŵote gastriĐ 
persisteŶĐe aŶd iŵŵuŶe toleraŶĐe. WroĐ Eatl ĐaĚ ^Đi h ^ . ϮϬϭϯ;ϭϭϬ;ϴͿ:ϯϬϰϳͲϱϮ 
ϭϱ.  KoĐh KE, HartuŶg M>, UrďaŶ S, KǇďurz A, ahlŵaŶŶ AS, >iŶd :, aĐkert S, Tauďe C, aŶd Muller A. 
HeliĐoďaĐter ureaseͲiŶduĐed aĐtiǀatioŶ of the T>RϮͬE>RWϯͬI>Ͳϭϴ aǆis proteĐts agaiŶst asthŵa. : 
liŶ /ŶǀeƐt. ϮϬϭϱ;ϭϮϱ;ϴͿ:ϯϮϵϳͲϯϬϮ. 
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ϭϲ.  ArŶold IC, >ee :z, Aŵieǀa MR, Roers A, Flaǀell RA, Sparǁasser T, aŶd Müller A. ToleraŶĐe rather 
thaŶ iŵŵuŶitǇ proteĐts froŵ HeliĐoďaĐter pǇloriͲiŶduĐed gastriĐ preŶeoplasia. 'aƐtroeŶteroloŐy. 
ϮϬϭϭ;ϭϰϬ;ϭͿ:ϭϵϵͲϮϬϵ. 
ϭϳ.  Harris WR, Wright SW, SerraŶo C, Riera F, Duarte I, Torres :, WeŶa A, RollaŶ A, siǀiaŶi W, Guiraldes 
E, et al. HeliĐoďaĐter pǇlori gastritis  iŶ ĐhildreŶ  is assoĐiated ǁith a regulatorǇ TͲĐell  respoŶse. 
'aƐtroeŶteroloŐy. ϮϬϬϴ;ϭϯϰ;ϮͿ:ϰϵϭͲϵ. 
ϭϴ.  laser M:, CheŶ z, aŶd ReiďŵaŶ :. Does HeliĐoďaĐter pǇlori proteĐt agaiŶst asthŵa aŶd allergǇ͍ 
'Ƶt. ϮϬϬϴ;ϱϳ;ϱͿ:ϱϲϭͲϳ. 
ϭϵ.  CastaŶoͲRodriguez E,  Kaakoush EO,  >ee WS,  aŶd MitĐhell  HM. Dual  role  of HeliĐoďaĐter  aŶd 
CaŵpǇloďaĐter speĐies iŶ ID: a sǇsteŵatiĐ reǀieǁ aŶd ŵetaͲaŶalǇsis. 'Ƶt. ϮϬϭϱ. 
ϮϬ.  Zhou X, Wu :, aŶd ZhaŶg G. AssoĐiatioŶ ďetǁeeŶ HeliĐoďaĐter pǇlori aŶd asthŵa: a ŵetaͲaŶalǇsis. 
Ƶr : 'aƐtroeŶterol Hepatol. ϮϬϭϯ;Ϯϱ;ϰͿ:ϰϲϬͲϴ. 
Ϯϭ.  ArŶold IC, Dehzad E, Reuter S, MartiŶ H, eĐher , Tauďe C, aŶd Müller A. HeliĐoďaĐter pǇlori 
iŶfeĐtioŶ preǀeŶts allergiĐ asthŵa iŶ ŵouse ŵodels through the iŶduĐtioŶ of regulatorǇ T Đells. : 
liŶ /ŶǀeƐt. ϮϬϭϭ;ϭϮϭ;ϯϬϴϴͲϵϯ. 
ϮϮ.  EŶgler  D,  >eoŶardi  I,  HartuŶg  M>,  KǇďurz  A,  Spath  S,  eĐher  ,  Rogler  G,  aŶd  Muller  A. 
HeliĐoďaĐter pǇloriͲspeĐifiĐ proteĐtioŶ agaiŶst  iŶflaŵŵatorǇ ďoǁel disease reƋuires the E>RWϯ 
iŶflaŵŵasoŵe aŶd I>Ͳϭϴ. /ŶĨlaŵŵ oǁel iƐ. ϮϬϭϱ;Ϯϭ;ϰͿ:ϴϱϰͲϲϭ. 
Ϯϯ.  RoŶgǀauǆ A, WilliŶger  T, MartiŶek  :,  Stroǁig  T, GeartǇ  Ss,  TeiĐhŵaŶŶ  >>,  Saito  z, MarĐhes  F, 
HaleŶe  S,  WaluĐka  AK,  et  al.  DeǀelopŵeŶt  aŶd  fuŶĐtioŶ  of  huŵaŶ  iŶŶate  iŵŵuŶe  Đells  iŶ  a 
huŵaŶized ŵouse ŵodel. Eat ioteĐŚŶol. ϮϬϭϰ;ϯϮ;ϰͿ:ϯϲϰͲϳϮ. 
Ϯϰ.  Seŵper RW, MeũiasͲ>uƋue R, Gross C, AŶderl F, Muller A, sieth M, usĐh DH, Wrazeres da Costa C, 
RulaŶd :, Gross O, et al. HeliĐoďaĐter pǇloriͲIŶduĐed I>Ͳϭďeta SeĐretioŶ iŶ IŶŶate IŵŵuŶe Cells Is 
Regulated ďǇ the E>RWϯ IŶflaŵŵasoŵe aŶd ReƋuires the Cag WathogeŶiĐitǇ  IslaŶd. :  /ŵŵƵŶol. 
ϮϬϭϰ;ϭϵϯ;ϯϱϲϲͲϳϲ. 
Ϯϱ.  Kiŵ D:, Wark :H, FraŶĐhi >, aĐkert S, aŶd EuŶez G. The Cag pathogeŶiĐitǇ islaŶd aŶd iŶteraĐtioŶ 
ďetǁeeŶ  T>RϮͬEODϮ  aŶd  E>RWϯ  regulate  I>Ͳϭďeta  produĐtioŶ  iŶ  HeliĐoďaĐter  pǇloriͲiŶfeĐted 
deŶdritiĐ Đells. Ƶr : /ŵŵƵŶol. ϮϬϭϯ;ϰϯ;ϮϲϱϬͲϴ 
Ϯϲ.  oguŶoǀiĐ M, GiŶhouǆ F, Helft :, ShaŶg >, Hashiŵoto D, Greter M, >iu K, :akuďziĐk C, IŶgersoll MA, 
>eďoeuf M, et al. OrigiŶ of the laŵiŶa propria deŶdritiĐ Đell Ŷetǁork. /ŵŵƵŶity. ϮϬϬϵ;ϯϭ;ϯͿ:ϱϭϯͲ
Ϯϱ. 
Ϯϳ.  sarol C, salloŶͲEďerhard A, EliŶaǀ E, AǇĐhek T, Shapira z, >uĐhe H, FehliŶg H:, Hardt WD, Shakhar 
G, aŶd :uŶg S. IŶtestiŶal laŵiŶa propria deŶdritiĐ Đell suďsets haǀe differeŶt origiŶ aŶd fuŶĐtioŶs. 
/ŵŵƵŶity. ϮϬϬϵ;ϯϭ;ϯͿ:ϱϬϮͲϭϮ. 
Ϯϴ.  SĐhraŵl U,  ǀaŶ liũsǁiũk  :,  ZeleŶaǇ S, WhitŶeǇ WG,  FilďǇ A, AĐtoŶ SE, Rogers EC, MoŶĐaut E, 
Carǀaũal ::, aŶd Reis e Sousa C. GeŶetiĐ traĐiŶg ǀia DEGRͲϭ eǆpressioŶ historǇ defiŶes deŶdritiĐ 
Đells as a heŵatopoietiĐ liŶeage. ell. ϮϬϭϯ;ϭϱϰ;ϰͿ:ϴϰϯͲϱϴ. 
Ϯϵ.  MazziŶi E, MassiŵiliaŶo >, WeŶŶa G, aŶd ResĐigŶo M. Oral toleraŶĐe ĐaŶ ďe estaďlished ǀia gap 
ũuŶĐtioŶ  traŶsfer  of  fed  aŶtigeŶs  froŵ  CXϯCRϭ;+Ϳ  ŵaĐrophages  to  CDϭϬϯ;+Ϳ  deŶdritiĐ  Đells. 
/ŵŵƵŶity. ϮϬϭϰ;ϰϬ;ϮͿ:ϮϰϴͲϲϭ. 
ϯϬ.  EŶgler D, Reuter S, ǀaŶ WiũĐk z, UrďaŶ S, KǇďurz A, MaǆeiŶer :, MartiŶ H, zogeǀ E, WaisŵaŶ A, 
Gerhard M, et  al.  EffeĐtiǀe  treatŵeŶt of  allergiĐ  airǁaǇ  iŶflaŵŵatioŶ ǁith HeliĐoďaĐter pǇlori 
iŵŵuŶoŵodulators reƋuires ATFϯͲdepeŶdeŶt deŶdritiĐ Đells aŶd I>ͲϭϬ. WroĐ Eatl ĐaĚ ^Đi h ^ . 
ϮϬϭϰ;ϭϭϭ;ϯϮͿ:ϭϭϴϭϬͲϱ. 
ϯϭ.  MartiŶezͲ>opez M, Iďorra S, CoŶdeͲGarrosa R, aŶd SaŶĐho D. atfϯͲdepeŶdeŶt CDϭϬϯ+ deŶdritiĐ 
Đells  are  ŵaũor  produĐers  of  I>ͲϭϮ  that  driǀe  loĐal  Thϭ  iŵŵuŶitǇ  agaiŶst  >eishŵaŶia  ŵaũor 
iŶfeĐtioŶ iŶ ŵiĐe. Ƶr : /ŵŵƵŶol. ϮϬϭϱ;ϰϱ;ϭͿ:ϭϭϵͲϮϵ. 
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ϯϮ.  ChudŶoǀskiǇ A, Mortha A, KaŶa s, KeŶŶard A, Raŵirez :D, RahŵaŶ A, Reŵark R, MogŶo I, Eg R, 
GŶũatiĐ S, et al. HostͲWrotozoaŶ IŶteraĐtioŶs WroteĐt froŵ MuĐosal IŶfeĐtioŶs through AĐtiǀatioŶ 
of the IŶflaŵŵasoŵe. ell. ϮϬϭϲ;ϭϲϳ;ϮͿ:ϰϰϰͲϱϲ eϭϰ. 
ϯϯ.  Cooŵďes  :>,  SiddiƋui  KR,  AraŶĐiďiaͲCarĐaŵo  Cs,  Hall  :,  SuŶ  CM,  elkaid  z,  aŶd  Woǁrie  F.  A 
fuŶĐtioŶallǇ speĐialized populatioŶ of ŵuĐosal CDϭϬϯ+ DCs iŶduĐes Foǆpϯ+ regulatorǇ T Đells ǀia 
a TGFͲďeta aŶd retiŶoiĐ aĐidͲdepeŶdeŶt ŵeĐhaŶisŵ. : ǆp DeĚ. ϮϬϬϳ;ϮϬϰ;ϴͿ:ϭϳϱϳͲϲϰ. 
ϯϰ.  seeŶďergeŶ S, ǀaŶ erkel >A, du Wre MF, He :, KarriĐh ::, Costes >M, >uk F, SiŵoŶsͲOosterhuis z, 
Raatgeep HC, CeroǀiĐ s, et al. ColoŶiĐ  toleraŶĐe deǀelops  iŶ  the  iliaĐ  lǇŵph Ŷodes aŶd ĐaŶ ďe 
estaďlished iŶdepeŶdeŶt of CDϭϬϯ;+Ϳ deŶdritiĐ Đells. DƵĐoƐal /ŵŵƵŶol. ϮϬϭϲ;ϵ;ϰͿ:ϴϵϰͲϵϬϲ. 
ϯϱ.  Diehl  GE,  >oŶgŵaŶ  RS,  ZhaŶg  :X,  reart  ,  GalaŶ  C,  Cuesta  A,  SĐhǁaď  SR,  aŶd  >ittŵaŶ  DR. 
MiĐroďiota  restriĐts  traffiĐkiŶg  of  ďaĐteria  to  ŵeseŶteriĐ  lǇŵph  Ŷodes  ďǇ  CX;ϯͿCRϭ;hiͿ  Đells. 
EatƵre. ϮϬϭϯ;ϰϵϰ;ϳϰϯϱͿ:ϭϭϲͲϮϬ. 
ϯϲ.  Keilďerg D, Zaǀros z, Shepherd , Salaŵa ER, aŶd OtteŵaŶŶ KM. Spatial aŶd Teŵporal Shifts iŶ 
aĐterial iogeographǇ aŶd GlaŶd OĐĐupatioŶ duriŶg  the DeǀelopŵeŶt of a ChroŶiĐ  IŶfeĐtioŶ. 
Dio. ϮϬϭϲ;ϳ;ϱͿ. 
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&igure 1 
 
&igure 1͘ CoŵƉaratiǀe analysis of tŚe eǀolution and ĐoŵƉosition of tŚe gastriĐ͕ sŵall intestinal and ĐoloniĐ laŵina 
ƉroƉria ;LPͿ ŵononuĐlear ƉŚagoĐyte ;DPͿ ƉoƉulations in tŚe steady state͘ The iŶdiĐated MW suďsets ǁere isolated 
froŵ  the  >W  of  stoŵaĐh,  sŵall  iŶtestiŶe  aŶd  ĐoloŶ  at  the  iŶdiĐated  age  aŶd  aŶalǇzed  ďǇ  floǁ  ĐǇtoŵetrǇ.    ;Ϳ 
RepreseŶtatiǀe FACS plots of CDϭϭď+ ŵǇeloid Đells  iŶ  the stoŵaĐh,  sŵall  iŶtestiŶe aŶd ĐoloŶ,  iŶ й of  liǀe CDϰϱ+ 
leukoĐǇtes. ;Ϳ FreƋueŶĐies of CDϭϭď+ ŵǇeloid Đells iŶ the three ĐoŵpartŵeŶts iŶ adult ;ϴ ǁeek oldͿ aŶd ŶeoŶatal 
;ϭ ǁeek oldͿ ŵiĐe. Wooled data froŵ ϱͲϵ ŵiĐe per group are shoǁŶ. ;CͿ Aďsolute ĐouŶts per orgaŶ of ŵaĐrophages 
aŶd of CDϭϭď+, CDϭϬϯ+, CDϭϬϯ+CDϭϭď+ DCs at the iŶdiĐated ages. etǁeeŶ ϯ aŶd ϱ ŵiĐe ǁere pooled for eaĐh tiŵe 
poiŶt. STO, stoŵaĐh, SI, sŵall iŶtestiŶe, CO, ĐoloŶ. IŶ  aŶd C, data are represeŶted as ŵeaŶ +SEM. ;DͿ FreƋueŶĐies 
of the iŶdiĐated MW populatioŶs, as assessed at ϭ aŶd ϴ ǁeeks of age. HorizoŶtal liŶes iŶdiĐate ŵediaŶs. IŶ  aŶd D, 
* iŶdiĐates pфϬ.Ϭϱ, ** pфϬ.Ϭϭ, ***pфϬ.ϬϬϭ, as ĐalĐulated ďǇ MaŶŶͲWhitŶeǇ test. Data are pooled froŵ Ϯ iŶdepeŶdeŶt 
studies ;ϵ ŵiĐe total per groupͿ. ;͕ &Ϳ RepreseŶtatiǀe FACS plots of DC suďsets ;EͿ,ŵaĐrophages aŶd CDϭϭď+ DCs ;FͿ 
iŶ ϭ ǁeek old ;ŶeoŶateͿ aŶd ϴ ǁeek old ;adultͿ ŵiĐe. Histograŵs iŶ the right paŶels shoǁ the MHCII eǆpressioŶ of 
ŵaĐrophages aŶd CDϭϭď+ DCs. 
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&igure Ϯ 
 
&igure Ϯ͘ CellͲintrinsiĐ deƉendenĐe of ŵonoĐytes͕ ŵaĐroƉŚages and CD11ď+ DCs on CCRϮ for reĐruitŵent to tŚe 
gastriĐ laŵina ƉroƉria͘ ;͕ Ϳ Aďsolute ĐouŶts of Ŷeutrophils aŶd CDϰ+ TͲĐells ;AͿ aŶd of ǀarious MW populatioŶs ;Ϳ 
iŶ the >W of ŵiĐe iŶ the steadǇ state aŶd at ϭ aŶd ϯ ŵoŶths post iŶfeĐtioŶ ;p.i.Ϳ ǁith H. pylori. Data are represeŶted 
as ŵeaŶ +SEM. WͲǀalues ǁere ĐalĐulated relatiǀe to uŶiŶfeĐted ĐoŶtrols. ;CͿ Aďsolute ĐouŶts of the iŶdiĐated gastriĐ 
>W MW populatioŶs iŶ WT aŶd CCRϮͲͬͲ ŵiĐe iŶ the steadǇ state aŶd at ϭ aŶd ϯ ŵoŶths p.i. ǁith H. pylori. ;DͲ&Ϳ Aďsolute 
ĐouŶts of all leukoĐǇtes ;DͿ, CDϰ+ TͲĐells aŶd Ŷeutrophils ;EͿ, aŶd IFEͲ?+ aŶd I>Ͳϭϳ+ CDϰ+ TͲĐells ;FͿ iŶ the gastriĐ >W of 
WT aŶd CCRϮͲͬͲ ŵiĐe iŶ the steadǇ state aŶd at ϭ aŶd ϯ ŵoŶths p.i. ǁith H. pylori. IŶ F, represeŶtatiǀe FACS plots are 
shoǁŶ.  ;'Ϳ H.  pylori  ĐoloŶizatioŶ  of  the ŵiĐe  shoǁŶ  iŶ  AͲF,  represeŶted  as  CFU  per  stoŵaĐh.  Data  iŶ  CͲG  are 
represeŶtatiǀe of Ϯ iŶdepeŶdeŶtlǇ ĐoŶduĐted tiŵe Đourses. ;,͕ /Ϳ Adult WT ŵiĐe ǁere reĐoŶstituted ǁith ϭ:ϭ ŵiǆed 
ďoŶe ŵarroǁ froŵ CDϰϱ.ϭ+ WT aŶd CDϰϱ.Ϯ+ CCRϮͲͬͲ doŶors. MiĐe ǁere alloǁed to reĐoŶstitute for siǆ ǁeeks prior 
to  a  siǆ  ǁeek  iŶfeĐtioŶ  ǁith H.  pylori.  The  reĐoŶstitutioŶ  effiĐieŶĐǇ  iŶ  й  of  all  CDϰϱ+  Đells  is  shoǁŶ  iŶ  H.  The 
freƋueŶĐies of the iŶdiĐated MW populatioŶs is shoǁŶ iŶ I. IŶ C,D,E,F,G aŶd I, horizoŶtal liŶes iŶdiĐate ŵediaŶs. * 
iŶdiĐates pфϬ.Ϭϱ, ** pфϬ.Ϭϭ, ***pфϬ.ϬϬϭ, as ĐalĐulated ďǇ MaŶŶͲWhitŶeǇ test. 
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Ϯϳ 
 
&igure 3 
 
&igure 3͘ DonoĐytes͕ ŵaĐroƉŚages and CD11ď+ DCs͕ ďut not otŚer DC suďsets͕ enĐounter R&P+ H͘ pylori  in tŚe 
gastriĐ LP͘ MiĐe ǁere iŶfeĐted at ϭ ǁeek of age ;AͲDͿ or ϲ ǁeeks of age ;EͿ ǁith RFW+ or WT ;RFWͲͿ H. pylori prior to 
the aŶalǇsis of gastriĐ  >W MW populatioŶs.  ;Ϳ  FreƋueŶĐǇ of RFW+  Đells aŵoŶg all CDϭϭď+  gastriĐ  >W ŵǇeloid Đells 
isolated froŵ ŵiĐe iŶfeĐted ǁith RFW+ or WT H. pylori. ;Ϳ FreƋueŶĐies of RFW+ Đells aŵoŶg the iŶdiĐated gastriĐ >W 
MW populatioŶs isolated froŵ ŵiĐe iŶfeĐted ǁith RFW+ or WT H. pylori for ϯ ŵoŶths. RepreseŶtatiǀe FACS plots are 
shoǁŶ iŶ A aŶd . ;CͿ FreƋueŶĐies of RFW+ Đells aŵoŶg the iŶdiĐated gastriĐ >W MW populatioŶs isolated froŵ ŵiĐe 
iŶfeĐted ŶeoŶatallǇ ǁith RFW+ or WT H. pylori relatiǀe to uŶiŶfeĐted ŵiĐe. etǁeeŶ ϲ aŶd ϴ ŵiĐe ǁere aŶalǇzed per 
group. Data are represeŶted as ŵeaŶ +SEM. ;DͿ yϯZϭͲGFW reporter ŵiĐe ǁere iŶfeĐted ǁith RFW+ H. pylori or WT 
H. pylori. FreƋueŶĐies of RFW+ Đells aŵoŶg yϯZϭͲGFWhi gastriĐ >W ŵaĐrophages aŶd yϯZϭͲGFWdiŵ CDϭϭď+ DCs are 
shoǁŶ iŶ represeŶtatiǀe FACS plots. The histograŵs iŶ the left paŶel shoǁ the yϯZϭͲGFW eǆpressioŶ of the tǁo 
populatioŶs relatiǀe to WT ;ŶoŶͲtraŶsgeŶiĐ, ďottoŵ paŶelͿ Đells. ;Ϳ FreƋueŶĐies of RFW+ Đells aŵoŶg the iŶdiĐated 
gastriĐ >W MW populatioŶs isolated froŵ ŵiĐe iŶfeĐted as adults ǁith RFW+ or WT H. pylori relatiǀe to uŶiŶfeĐted ŵiĐe. 
etǁeeŶ ϯ aŶd ϭϮ ŵiĐe ǁere aŶalǇzed per group. Data are represeŶted as ŵeaŶ +SEM. ;&Ϳ H. pylori ĐoloŶizatioŶ of 
the ŵiĐe shoǁŶ iŶ C aŶd E, represeŶted as CFU per stoŵaĐh: horizoŶtal liŶes iŶdiĐate ŵediaŶs. 
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Ϯϴ 
 
&igure ϰ 
 
&igure  ϰ͘  ,uŵan  CD1ϲ3+  ŵaĐroƉŚages  and  CD1ϰ+  ŵonoĐytes  enĐounter  R&P+  H͘  pylori  in  tŚe  gastriĐ  LP  of 
Śuŵaniǌed D/^dR' ŵiĐe͘ MISTRG ŵiĐe ǁere  iŶtrahepatiĐallǇ  iŶũeĐted oŶ daǇ Ϯ of age ǁith Ϯ.ϱ ǆϭϬϱ CDϯϰ+ Đord 
ďlood heŵatopoietiĐ steŵ Đells aŶd alloǁed to reĐoŶstitute for ϲ ǁeeks prior to iŶfeĐtioŶ ǁith RFW+ H. pylori for ϭ 
ŵoŶth. >W phagoĐǇtes ǁere aŶalǇzed ďǇ floǁ ĐǇtoŵetrǇ. ;Ϳ ReĐoŶstitutioŶ effiĐieŶĐǇ as assessed iŶ the gastriĐ >W. 
;Ϳ FreƋueŶĐǇ of CDϭϰ+ ŵoŶoĐǇtes  iŶ й of all huŵaŶ leukoĐǇtes  iŶ the gastriĐ >W of H. pyloriͲiŶfeĐted relatiǀe to 
uŶiŶfeĐted  ŵiĐe.  RepreseŶtatiǀe  FACS  plots  are  shoǁŶ  iŶ  the  paŶels  oŶ  the  right.  ;CͿ  FreƋueŶĐǇ  of  CDϭϲϯ+ 
ŵaĐrophages iŶ й of  liǀe Đells ;top paŶelͿ aŶd of huŵaŶ leukoĐǇtes ;ďottoŵ paŶelͿ  iŶ the gastriĐ >W of H. pyloriͲ
iŶfeĐted relatiǀe to uŶiŶfeĐted ŵiĐe. ;DͿ FreƋueŶĐǇ of RFW+ Đells aŵoŶg CDϭϰ+ ŵoŶoĐǇtes aŶd CDϭϲϯ+ ŵaĐrophages 
iŶ the gastriĐ >W of H. pyloriͲiŶfeĐted relatiǀe to uŶiŶfeĐted ŵiĐe. RepreseŶtatiǀe FACS plots aŶd pooled data are 
shoǁŶ. Eote that ŵoŶoĐǇtes ǁere too sĐarĐe iŶ the uŶiŶfeĐted >W to alloǁ for a ŵeaŶiŶgful aŶalǇsis of their ďaseliŶe 
RFW fluoresĐeŶĐe. ;Ϳ H. pylori ĐoloŶizatioŶ of the ŵiĐe shoǁŶ iŶ AͲD, as ǁell as of ϯ additioŶal reĐoŶstituted aŶd ϱ 
uŶͲreĐoŶstituted MISTRG ŵiĐe. HorizoŶtal liŶes iŶdiĐate ŵediaŶs. 
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Ϯϵ 
 
&igure ϱ 
 
&igure ϱ͘ PŚagoĐytes  tŚat Śaǀe enĐountered H͘ pylori  in  tŚe gastriĐ ŵuĐosa eǆƉress and uƉregulate dLRϮ and 
NLRP3͘ ;Ϳ EǆpressioŶ of T>RϮ aŶd E>RWϯ ďǇ gastriĐ ŵaĐrophages, CDϭϭď+ aŶd CDϭϬϯ+ DCs, as deterŵiŶed ďǇ ƋRTͲ
WCR of gastriĐ >W populatioŶs FACSͲsorted aŶd aŶalǇzed iŶ Ϯ pools of ϰ ŵiĐe. Data are represeŶted as ŵeaŶ +SEM of 
Ϯ iŶdepeŶdeŶt eǆperiŵeŶts. ;Ϳ FreƋueŶĐies of T>RϮ+ Đells aŵoŶg the iŶdiĐated gastriĐ >W MW populatioŶs. Data are 
represeŶted as ŵeaŶ +SEM of ϭϯ ŵiĐe. ;CͿ FreƋueŶĐies of T>RϮ+ Đells aŵoŶg the iŶdiĐated gastriĐ >W MW populatioŶs 
of H. pyloriͲiŶfeĐted relatiǀe to uŶiŶfeĐted ŵiĐe ;aŶalǇzed oŶe ŵoŶth p.i.Ϳ. HorizoŶtal liŶes iŶdiĐate ŵediaŶs. Data 
are pooled froŵ ϯ iŶdepeŶdeŶt studies.  ;DͿ MFI of T>RϮ eǆpressioŶ oŶ RFW+ aŶd RFWͲ ŵoŶoĐǇtes, ŵaĐrophages aŶd 
CDϭϭď+ DCs. Data are froŵ ϭ ŵoŶthͲiŶfeĐted ŵiĐe aŶd pooled froŵ ϯ iŶdepeŶdeŶt studies.  ;Ϳ EǆpressioŶ of T>RϮ, 
E>RWϯ aŶd I>ͲϭϬ ďǇ gastriĐ CDϭϭď+ DCs ;top paŶelͿ aŶd ŵaĐrophages ;ďottoŵ paŶelͿ, as deterŵiŶed ďǇ ƋRTͲWCR of 
FACSͲsorted RFW+  aŶd RFWͲ  populatioŶs  froŵ Ϯ pools  of  ϰ ŵiĐe  eaĐh. Data  are  represeŶted  as ŵeaŶ +SEM of Ϯ 
iŶdepeŶdeŶt eǆperiŵeŶts. CDϭϭď+ DCs aŶd ŵaĐrophages froŵ uŶiŶfeĐted doŶors ǁere sorted aŶd aŶalǇzed as ǁell. 
;&Ϳ FreƋueŶĐies of T>RϮ+ Đells aŵoŶg the iŶdiĐated M>E ŵaĐrophage aŶd DC populatioŶs of H. pyloriͲiŶfeĐted relatiǀe 
to uŶiŶfeĐted ŵiĐe shoǁŶ iŶ C. Data are represeŶted as ŵeaŶ +SEM. ŵig, ŵigratorǇ; res, resideŶt. ;'Ϳ oŶe ŵarroǁ 
;MͿͲderiǀed DCs ǁere iŶfeĐted ǁith H. pylori at a ŵultipliĐitǇ of iŶfeĐtioŶ of ϱϬ for Ϯϰh prior to staiŶiŶg for T>RϮ 
eǆpressioŶ.  ;,Ϳ WT aŶd T>RϮͲͬͲ MͲDCs ǁere iŶfeĐted ǁith H. pylori  for ϯϬ ŵiŶ prior to ƋRTͲWCR aŶalǇsis of  I>ͲϭϬ 
eǆpressioŶ. Data are represeŶted as ŵeaŶ +SEM of three iŶdepeŶdeŶt eǆperiŵeŶts. 
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ϯϬ 
 
&igure ϲ 
 
&igure ϲ͘ NLRP3 is reƋuired for tŚe terŵinal differentiation of CD11ď+ DCs͘ E>RWϯͲͬͲ aŶd WT ŵiĐe ǁere iŶfeĐted ǁith 
H. pylori for oŶe ŵoŶth aŶd their gastriĐ >W leukoĐǇtes ǁere aŶalǇzed ďǇ FACS. ;Ϳ Aďsolute ĐouŶts of the iŶdiĐated 
gastriĐ  >W MW  populatioŶs  iŶ WT  aŶd  E>RWϯͲͬͲ  ŵiĐe  iŶ  the  steadǇ  state  aŶd  at  ϭ ŵoŶth  p.i.  ǁith H.  pylori.  ;Ϳ 
FreƋueŶĐies of IFEͲ?+ aŶd I>Ͳϭϳ+ Đells aŵoŶg all CDϰ+ TͲĐells of H. pyloriͲiŶfeĐted WT aŶd E>RWϯͲͬͲ ŵiĐe. ;CͿ IFEͲ? aŶd 
I>Ͳϭϳ eǆpressioŶ iŶ the gastriĐ ŵuĐosa of H. pyloriͲiŶfeĐted WT aŶd E>RWϯͲͬͲ ŵiĐe, as deterŵiŶed ďǇ ƋRTͲWCR.  ;DͿ H. 
pylori ĐoloŶizatioŶ of the ŵiĐe shoǁŶ iŶ AͲC. Data iŶ AͲD are froŵ ϭ studǇ that is represeŶtatiǀe of ϰ iŶdepeŶdeŶt 
oŶes. ;Ϳ FreƋueŶĐies of CDϭϭď+ DCs aŵoŶg CDϰϱ+ Đells iŶ the >W of ĐoloŶ, stoŵaĐh aŶd sŵall iŶtestiŶe of WT aŶd 
E>RWϯͲͬͲ ŵiĐe. RepreseŶtatiǀe FACS plots are shoǁŶ oŶ the right. ;&͕'Ϳ Adult WT ŵiĐe ǁere reĐoŶstituted ǁith ϭ:ϭ 
ŵiǆed ďoŶe ŵarroǁ froŵ CDϰϱ.ϭ+ WT aŶd CDϰϱ.Ϯ+ E>RWϯͲͬͲ doŶors. MiĐe ǁere alloǁed to reĐoŶstitute for ϲ ǁeeks 
prior to a ϲ ǁeek iŶfeĐtioŶ ǁith H. pylori. The reĐoŶstitutioŶ effiĐieŶĐǇ is shoǁŶ iŶ F. The freƋueŶĐies of CDϭϭď+ DCs 
are shoǁŶ iŶ G. ;,Ͳ:Ϳ T>RϮͲͬͲ aŶd WT ŵiĐe ǁere iŶfeĐted ǁith H. pylori for oŶe ŵoŶth aŶd their gastriĐ >W leukoĐǇtes 
ǁere aŶalǇzed ďǇ FACS. FreƋueŶĐies of IFEͲ?+ aŶd I>Ͳϭϳ+ Đells aŵoŶg all CDϰ+ TͲĐells are shoǁŶ iŶ H. IFEͲ? aŶd I>Ͳϭϳ 
eǆpressioŶ iŶ the gastriĐ ŵuĐosa, as deterŵiŶed ďǇ ƋRTͲWCR, is shoǁŶ iŶ I. H. pylori ĐoloŶizatioŶ is shoǁŶ iŶ :. Data 
iŶ HͲ: are represeŶtatiǀe of ϰ iŶdepeŶdeŶt eǆperiŵeŶts.    
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ϯϭ 
 
&igure ϳ 
 
&igure ϳ͘ d&3ͲdeƉendent DCs are reƋuired for dŚ1 resƉonses and H͘ pylori Đontrol. ATFϯͲͬͲ aŶd WT ŵiĐe ǁere 
iŶfeĐted ǁith H. pylori for oŶe or four ŵoŶths aŶd their gastriĐ >W leukoĐǇtes ǁere aŶalǇzed ďǇ FACS. ;Ϳ Aďsolute 
ĐouŶts of the iŶdiĐated gastriĐ MW aŶd TͲĐell populatioŶs iŶ WT aŶd ATFϯͲͬͲ ŵiĐe iŶ the steadǇ state aŶd at oŶe aŶd 
four ŵoŶths p.i. ǁith H. pylori. RepreseŶtatiǀe FACS plots shoǁ the speĐifiĐ loss of gastriĐ CDϭϬϯ+ CDϭϭďͲ DCs due to 
ATFϯ defiĐieŶĐǇ. ;Ϳ FreƋueŶĐies of IFEͲ?+ aŶd I>Ͳϭϳ+ Đells aŵoŶg CDϰ+ TͲĐells of the ŵiĐe shoǁŶ iŶ A. ;CͿ IFEͲ? aŶd 
I>Ͳϭϳ eǆpressioŶ iŶ the gastriĐ ŵuĐosa of the ŵiĐe shoǁŶ iŶ A.  ;DͿ H. pylori ĐoloŶizatioŶ of the ŵiĐe shoǁŶ iŶ AͲC. 
;Ϳ FreƋueŶĐies of IFEͲ?+ aŶd I>Ͳϭϳ+ Đells aŵoŶg all CDϰ+ TͲĐells iŶ the M>Es of H. pyloriͲiŶfeĐted WT aŶd ATFϯͲͬͲ 
ŵiĐe;  UŶiŶfeĐted WT ŵiĐe are shoǁŶ for ĐoŵparisoŶ. IŶ all paŶels horizoŶtal liŶes iŶdiĐate ŵediaŶs. * iŶdiĐates 
pфϬ.Ϭϱ, ** pфϬ.Ϭϭ, ***pфϬ.ϬϬϭ, as ĐalĐulated ďǇ MaŶŶͲWhitŶeǇ test.  
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^uƉƉleŵental &igure 1 
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Ϯ 
 
^uƉƉl͘ &igure 1͘ LeuŬoĐyte ƉoƉulations eǀolǀe in tŚe first ϴ ǁeeŬs of life in tŚe gastrointestinal traĐt͘ ;AͿ 
GatiŶg strategǇ used for the ideŶtifiĐatioŶ aŶd ƋuaŶtifiĐatioŶ of ŶiŶe leukoĐǇte populatioŶs ;ϭͲϵͿ that ǁere 
isolated ďǇ eŶzǇŵatiĐ digestioŶ aŶd perĐoll gradieŶt ĐeŶtrifugatioŶ aŶd aŶalǇzed ďǇ floǁ ĐǇtoŵetrǇ.  ;Ϳ 
Aďsolute ĐouŶts per orgaŶ of CDϰϱ+ leukoĐǇtes of the three iŶdiĐated gastroiŶtestiŶal ĐoŵpartŵeŶts of 
the  ŵiĐe  shoǁŶ  iŶ  Figure  ϭ.  ;CͿ  Aďsolute  ĐouŶts  per  orgaŶ  of  total  leukoĐǇtes,  ŵoŶoĐǇtes  aŶd 
ŵaĐrophages as assessed at the iŶdiĐated ages. etǁeeŶ ϯ aŶd ϱ ŵiĐe ǁere pooled for eaĐh tiŵe poiŶt. 
STO, stoŵaĐh, SI, sŵall iŶtestiŶe, CO, ĐoloŶ. IŶ  aŶd C, data are represeŶted as ŵeaŶ +SEM. 
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^uƉƉleŵental &igure Ϯ 
 
^uƉƉl͘ &igure Ϯ͘ CD11ď+ DCs reƋuire &Ld3L for tŚeir differentiation͘ RepreseŶtatiǀe FACS plots of CDϭϭď+ 
DCs ;populatioŶ ĐirĐled oŶ the leftͿ aŶd ŵaĐrophages ;populatioŶ oŶ the rightͿ iŶ WT aŶd F>Tϯ>ͲͬͲ ŵiĐe. 
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^uƉƉleŵental &igure 3 
 
 
^uƉƉl͘  &igure  3͘  CD11ď+  DCs  and  ŵaĐroƉŚages  resƉond  to  H͘  pylori  in  tŚe  gastriĐ  laŵina  ƉroƉria͘  
EǆpressioŶ  of  T>RϮ,  E>RWϯ  aŶd  I>ͲϭϬ  of  FACSͲsorted  gastriĐ  ŵaĐrophages  ;MaĐͿ  aŶd  CDϭϭď+  DCs,  as 
deterŵiŶed ďǇ ƋRTͲWCR iŶ Ϯ pools eaĐh of ϰ iŶfeĐted aŶd uŶiŶfeĐted ŵiĐe. Data are represeŶted as ŵeaŶ 
+SEM. 
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3.	UNPUBLISHED	DATA		
	
3.1	The	role	of	β-catenin	signaling	in	DCs	during	H.	pylori	infection	
 
contribution	 I	planned,	conducted	and	analyzed	all	experiments,	except	for	lung	
	 histology	readouts,	which	were	analyzed	by	Christian	Taube. 
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3.1.1	The	regulation	of	β-catenin	signaling	in	vitro	during	H.	pylori	infection	
β-catenin	is	an	important	regulator	of	homeostasis	and	attenuation	of	allergic	asth-
ma	 104,168.	 In	DCs,	β-catenin	 can	be	activated	by	 several	 pathways.	One	of	 them	 is	
TRL2	signaling,	which	 favors	a	 tolerogenic	 immune	response	 99.	As	we	have	shown	
previously	that	H.	pylori	induces	TLR2	signaling,	we	aimed	to	investigate	whether	H.	
pylori	induces	β-catenin	signaling	in	DCs	of	the	stomach	mucosa	and	the	lung.	In	ad-
dition,	we	investigated	if	this	is	TLR2	dependent.	
To	this	end,	the	expression	of	the	β-catenin	target	genes	AXIN2,	a	member	of	the	β-
catenin	destruction	complex	and	CYCLIND1	 (CCND1),	which	 is	required	for	the	pro-
gression	through	the	G1	phase	of	the	cell	cycle,	were	measured	ex	vivo	in	bone	mar-
row-derived	DCs	and	CD11c+	enriched	spleen	DCs.	Their	expression	was	compared	in	
DCs	from	wild	type	(wt)	and	TLR2-deficient	mice.	The	transcriptional	expression	was	
studied	by	the	means	of	RT-qPCR	analysis.	As	expected,	H.	pylori	 infection	 leads	to	
an	increase	of	CCND1	and	AXIN2	transcripts	in	CD11c+	spleen	DCs	of	wild	type	mice.	
This	increase	is	absent	in	spleen	CD11c+	DCs	of	TLR2	deficient	mice	(Figure	14A,	B).		
We	next	explored	which	signal	induces	TLR2-dependent	β-catenin	activation	upon	H.	
pylori	 infection.	Having	shown	previously	that	the	virulence	factor	urease	promotes	
TLR2	signaling	in	DCs,	we	aimed	to	identify	its	role	for	β-catenin	signaling	169.	As	the	
activation	of	β-catenin	 leads	 to	 its	 stabilization,	 the	protein	 level	 of	β-catenin	was	
studied	after	H.	pylori	 infection	by	means	of	Western	Blotting.	To	this	end,	BMDCs	
were	cocultured	with	wt-	or	ureaseB-deficient	H.	pylori.	The	results	showed	that	β-
catenin	 stabilizes	 after	 H.	 pylori	 infection,	 and	 this	 stabilization	 is	 at	 least	 partly	
urease-dependent	 (Figure	14C,	D).	 In	 line	with	this	a	slightly	reduced	expression	of	
AXIN2	in	the	BMDCs	was	observed	(Figure	14E).	
Besides	this,	it	is	known	that	H.	pylori	infection	induces	IL-10	signaling	in	tolerogenic	
DCs	favoring	Treg	 induction	164.	We	hypothesized	that	 IL-10	secretion	after	H.	pylori	
infection	 is	 TLR2-mediated	 and	 β-catenin-dependent	 in	 DCs.	 Therefore	 CD11c+	
spleen	DCs	either	from	wt	or	TLR2-/-	mice	were	cocultured	with	H.	pylori	and	the	IL-
10	 expression	 was	 evaluated	 by	 RT-qPCR.	 In	 line	 with	 their	 reduced	 β-catenin	
signaling,	also	the	IL-10	expression	was	diminished	in	spleen	DCs	of	TRL2-/-	mice	(Fig-
ure	14F)	suggesting	that	β-catenin	signaling	might	be	part	of	the	pathway	activating	
IL-10	during	H.	pylori	 infection	of	DCs.	β-catenin	signaling	 is	known	to	 induce	 IL-10	
expression	in	DCs	after	exposure	to	various	stimuli	such	as	TGF-β	receptor,	WNT	or	
TLR2	activation	97.	To	assess	 the	role	of	β-catenin	 in	DCs	during	H.	pylori	 infection,	
we	crossed	mice	harboring	floxed	β-catenin	alleles	170	with	transgenic	mice	express-
ing	the	cre	recombinase	under	the	regulation	of	the	CD11c	promoter	171.	These	mice	
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3.1.2	H.	pylori	infection	increases	β-catenin	signaling	in	human	monocyte-derived	
DCs	in	an	urease-dependent	manner	
After	we	had	determined	that	β-catenin	signaling	during	H.	pylori	infection	in	murine	
BMDCs	is	at	least	partially	dependent	on	H.	pylori	urease	activity,	we	set	out	to	con-
firm	this	also	in	human	monocyte-derived	(MO)-DCs.	To	this	end,	mononuclear	cells	
were	 isolated	 from	human	blood	samples	and	enriched	 for	CD14+	CD11c+	cells	and	
cultured	with	hGM-CSF	and	hIL-4.	In	human	MO-DCs,	H.	pylori	leads	to	a	significant	
increase	of	the	expression	of	the	β-catenin	target	genes	AXIN2	and	IL-10	as	well	as	to	
a	slight	CCND1	upregulation.	This	effect	was	entirely	dependent	on	ureaseB	produc-
tion	by	H.	pylori	(Figure	15).		
		
	
	
	
	
	
	
	
	
Figure	15:	H.	pylori	urease	is	required	for	β -catenin	target	gene	activation	in	human	MO-
DCs	
MO-DCs	were	isolated	from	human	blood	samples	and	enriched	for	CD14+	and	CD11c+	and	
cultured	with	hIL-4	and	hGM-CSF.	At	day	six,	cells	were	infected	with	H.	pylori	or	with	ΔureB	
H.	pylori	for	2hrs.	Fold	change	of	AXIN2,	CylinD1	and	IL-10	expression	were	analyzed	by	RT-
qPCR.		
	
	
3.1.3.	Loss	of	β-catenin	signaling	in	CD11c+	cells	has	little	if	any	effect	on	H.	pylori	
induced	immune	tolerance		
β-Catenin	signaling	in	CD11c+	cells	plays	not	an	essential	role	in	H.	pylori	
colonization		
β-catenin	 is	 known	 to	 promote	 intestinal	 DC	 tolerogenic	 activities	 in	 steady	 state.	
Less	is	known	about	the	role	of	β-catenin	in	gastric	DCs.	We	assessed	the	role	of	β-
catenin	in	CD11c+	cells	in	the	stomach,	first	focusing	on	its	role	in	controlling	H.	pylo-
ri	 colonization.	 We	 observed	 an	 H.	 pylori-mediated	 induction	 of	 β-catenin	
stabilization	 -	 and	 IL-10	 transcription	 in	 vitro,	which	points	 in	 the	direction	 that	β-
catenin	 signaling	 has	 an	 anti	 inflammatory	 function	 during	 H.	 pylori	 infection	 and	
might	therefore	favor	the	colonization	and	persistence	of	the	bacterium	in	the	stom-
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ach.	To	assess	this,	we	made	again	use	of	the	β-cateninDC-/-	mice.	As	we	know	that	H.	
pylori-induced	 tolerance	 can	 be	 best	 studied	 in	 the	 neonatal	 infection	 model,	 β-
cateninDCfl/-	mice	and	β-cateninCD11c-/-	mice	were	infected	six	days	after	birth,	during	
the	neonatal	window,	for	one	month.	In	addition,	mice	were	also	infected	at	the	age	
of	four	weeks	for	one	month,	to	mimic	the	inflamed	stomach	of	symptomatic	carri-
ers.		
The	colonization	of	neonatal	and	adult	mice	was	reduced	in	the	β-cateninDCfl/-	strain	
and	slightly	more	in	the	β-CateninDC-/-	mice	compared	to	the	cre-	littermate	controls	
(Figure	16A).	As	expected	a	generally	 lower	colonization	 level	was	observed	 in	 the	
adult	infected	mice	after	one	month	of	infection	compared	to	the	neonatally	infect-
ed	mice.	 From	 previous	 studies	 we	 know	 that	 reduced	 colonization	 correlates	 in-
versely	 with	 the	 inflammation	 of	 the	 stomach,	 characterized	 by	 an	 increased	 TH1	
response.	 Therefore,	 we	 expected	 in	 the	 knockout	 mice,	 which	 show	 a	 reduced	
colonization,	an	accompanying	increase	in	IFN-γ	expression,	with	the	most	conspicu-
ous	differences	in	adult	infected	mice.	As	the	neonatal	tolerogenic	phenotype	leads	
to	 a	much	 lower	 T	 cell	 infiltration	 in	 the	 gastric	 LP	 compared	 to	 the	 adult	 LP,	we	
analyzed	 the	 IFN-γ	 expression	 with	 two	 different	 readouts.	 In	 neonatally	 infected	
mice	 we	 studied	 the	 IFN-γ	 expression	 in	 the	 scraped	 mucosa	 of	 the	 stomach	 by	
means	of	RT-qPCR	(Figure	16B).	In	contrast,	in	adult	infected	mice	the	expression	of	
IFN-γ	was	detected	directly	by	flow	cytometry	in	LP	CD4+	T	cells	(Figure	16C).	Neona-
tally	infected	mice	did	not	show	a	great	increase	of	IFN-γ	expression	in	the	stomach	
mucosa	(Figure	16B).	Surprisingly,	we	also	did	not	observe	an	increase	of	TH1	produc-
ing	T	cells	in	the	stomach	mucosa	of	adult	infected	mice.	In	both	cases	the	IFN-γ	level	
was	 independent	 of	 the	 presence	 of	β-catenin	 alleles.	 In	 contrast	 to	 the	 neonatal	
phenotype,	we	observed	in	the	adult	infected	β-cateninDC-/-	mice	a	slight	increase	of	
TH1-cells	producing	IFN-γ	in	the	MLNs	(Figure	16D).	This	goes	in	line	with	the	reduced	
colonization	in	the	stomach.	As	the	neonatal	phenotype	is	characterized	by	a	tolero-
genic	response,	we	investigated	the	effect	on	IL-10	expression.	Compared	to	this,	we	
could	observe	an	increased	IL-10	expression	in	the	stomach	mucosa	of	mice	deficient	
for	β-catenin	in	CD11c+	DCs	(Figure	16E).		
	 	
Results	
	 109	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	16:	β -catenin	signaling	 in	CD11c+	cells	plays	no	essential	 role	 in	controlling	TH1	re-
sponses	and	H.	pylori	colonization	in	the	gastric	mucosa	of	infected	mice	
β-cateninDCfl/fl,	 β-cateninDCfl/-	 and	 β-cateninDC-/-	 mice	 were	 infected	 with	 RFP-expressing	H.	
pylori	(PMSS1)	strain	at	six	to	seven	days	of	age	(grey	dots;	iN)	or	at	the	age	of	four	weeks	
(black	dots,	 iA)	 for	one	month.	We	studied	the	gastric	colonization	(A),	 IFN-γ	expression	 in	
the	stomach	mucosa	by	RT-pPCR	(iN)	(B)	and	the	%	of	IFN-γ-expressing	T	cells	in	the	stomach	
by	flow	cytometry	(iA)	(c).	In	MLN	the	%	of	IFN-γ	expressing	T	cells	of	iN	infected	and	iA	in-
fected	mice	were	assessed	by	flow	cytometry	(D).	IL-10	expression	in	stomach	mucosa	was	
analyzed	by	RT-qPCR	(iN)	(E).	A	&	D	are	pooled	data	of	four-,	B,	E	of	two-	and	C	of	one	repre-
sentative	independently	performed	experiments.	The	horizontal	bars	in	each	graph	indicates	
the	medians.	
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β-Catenin	signaling	in	CD11c+	cells	plays	no	role	in	H.	pylori	uptake	and	H.	pylori	
induced	TLR2	upregulation	on	myeloid	cells	
From	our	manuscript	by	Arnold	et	al.	we	know	that	H.	pylori	encounters	CD11b+	DCs,	
macrophages	and	inflammatory	monocytes	in	the	gastric	lamina	propria.	Therefore,	
we	wanted	to	address	 if	β-catenin	signaling	 is	 important	 in	 these	cells	 to	phagocy-
tose	 H.	 pylori.	 Mice	 were	 infected	 as	 neonates	 with	 an	 RFP-expressing	 H.	 pylori	
strain.	The	RFP	signal	is	detectable	in	different	myeloid	cell	subsets	by	flow	cytome-
try	analysis	(ref.	manuscript	Arnold	et	al.,	2017).	No	RFP	signal	was	detectable	in	the	
CD103+CD11b+	DCs	and	CD103+CD11b-	DCs	(Figure	17A).	An	RFP	signal	was	detected	
in	the	three	expected	myeloid	cell	subsets.	However,	the	loss	of	β-catenin	resulted	in	
less	RFP	signal	in	the	macrophage	compartment	(CD11b+CD11chi/dimF4/80+CX3CR1hi).		
Knowing	that	β-catenin	is	activated	via	TRL2	signaling	and	TLR2	expression	is	upregu-
lated	on	H.	pylori-infected	cells	 (ref.	manuscript	Arnold	et	al.,	2017),	we	set	out	 to	
study	a	potential	feedback	loop	of	β-catenin	signaling	on	TLR2	expression.	Therefore,	
we	compared	the	TLR2	expression	on	H.	pylori-positive	myeloid	cells	of	β-cateninDC-/-	
mice	and	β-cateninDCfl/fl	mice	with	their	wt	littermates.	Using	flow	cytometry	analy-
sis,	 we	 observed	 an	 increase	 of	 TLR2	 expression	 (MFI)	 in	 myeloid	 cells	 that	 had	
phagocytosed	H.	pylori.	TLR2	expression	did	not	increase	after	infection	on	bona	fide	
DCs	in	the	stomach.	However,	this	 increase	on	CD11b+	DCs,	monocytes	and	macro-
phages	is	independent	of	the	presence	of	the	β-catenin	alleles	(Figure	17B).	The	dif-
ferences	 in	H.	 pylori	 uptake	 in	macrophages	 do	not	 negatively	 affect	 the	 TLR2	 ex-
pression	in	macrophages.		
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Figure	17:	β -catenin	signaling	in	CD11c+	cells	is	not	required	for	H.	pylori	uptake	by	gastric	
macrophages	or	DCs		
β-cateninDC-/-,	β-cateninDC-/fl	 and	 cre-	 littermates	were	 neonatally	 infected	with	H.	 pylori	 expressing	
RFP	 for	 one	month.	 RFP-positive	 signal	 was	 assessed	 by	 flow	 cytometry	 analysis	 in	 lamina	 propria	
CD11b+	DCs,	macrophages,	monocytes	 and	 CD103+CD11b+	 and	 CD103+CD11b-	DCs	 (A)	 and	 TLR2	 ex-
pression	in	the	same	myeloid	cells	was	quantified	by	flow	cytometry	(B).	The	figure	shows	data	from	
one	experiment.	
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3.1.4	β-catenin	signaling	in	CD11c+	cells	contributes	to	H.	pylori-induced	allergic	
asthma	protection	
A	recent	study	showed	WNT1/β-catenin	signaling	 in	 the	 lung	 to	be	essential	 to	at-
tenuate	allergic	airway	diseases,	by	inhibiting	the	ability	of	DCs	to	migrate	to	mesen-
teric	lymph	nodes	168.	As	we	know	that	DCs	play	an	essential	role	in	H.	pylori-induced	
allergic	asthma	protection,	we	 investigated	a	potential	 role	of	β−catenin	activation	
in	 CD11c+	 cells	 during	H.	 pylori-mediated	 asthma	 protection.	β-cateninDC-/-	mice	β-
cateninDC-/fl	 and	 their	 cre-negative	 littermates	 were	 infected	 as	 neonates	 and	
sensitized	intranasally	with	house	dust	mite	(HDM)	extract	at	the	age	of	four	weeks	
and	challenged	two	weeks	 later	 five	times	 in	a	row	with	HDM	intranasally.	Control	
mice	were	left	either	untreated	or	sensitized/challenged	with	HDM	as	a	positive	con-
trol.	Two	days	after	the	last	challenge	the	lungs	were	analyzed,	focusing	on	lung	in-
flammation	and	goblet	cell	metaplasia,	two	characteristics	of	allergic	airway	pathol-
ogy.	β-cateninDC-/-	mice	 are	 less	well	 protected	 compared	 to	 their	 cre-negative	 lit-
termates	and	their	β-cateninDCfl/-	littermates.	This	 is	 indicated	in	a	slightly	increased	
lung	 inflammation	 score	 (Figure	 18A)	 and	 goblet	 cell	metaplasia	 as	 determined	by	
PAS	staining	of	lung	sections	(Figure	18B).	Figure	18	C	and	D	done	in	separate	exper-
iments	show	that	β-cateninDC-/-	mice	induce	symptoms	of	allergic	asthma	after	sensi-
tization	 and	 challenge	 comparable	 to	 wt	 mice.	 To	 sum	 up,	 β-catenin	 signaling	 in	
CD11c+	cells	seems	to	have	an	effect	on	H.	pylori-induced	protection	against	allergic	
asthma.		
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Figure	 18:	 β -catenin	 signaling	 in	 CD11c+	 cells	 contributes	 to	 H.	 pylori-induced	 allergic	
asthma	protection		
β-cateninDC-/-,	 β-cateninDCfl/-	 and	 wt	 littermate	 mice	 were	 neonatally	 infected	 with	 H.	 pylori	 and	
sensitized	 four	weeks	 after	 infection	 intranasally	with	house	dust	mite	 (HDM)	 allergen.	 Two	weeks	
later,	mice	were	 challenged	with	HDM	on	 five	 consecutive	days.	 Two	days	 after	 the	 last	 challenge,	
lung	inflammation	was	assessed	on	H&E-stained	sections	(A&C)	and	goblet	cell	metaplasia	was	quan-
tified	on	PAS-stained	sections	(B&D).	Data	are	pooled	from	two	independent	experiments	each.	
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3.2	Methods	and	Material	
	
Animal	experiments	
C57BL/6	mice	were	purchased	 from	Janvier	and	TLR2-/-,	CD11cCre	and	β-Cateninfl/fl	
mice	were	originally	obtained	from	the	Jackson	laboratory.	All	strains	were	bred	and	
maintained	under	specific-pathogen-free	condition	in	individually	ventilated	cages	in	
an	accredited	animal	facility	of	the	University	Zurich.	All	experiments	were	approved	
by	 the	 Zurich	 Cantonal	 Veterinary	 Office,	 under	 the	 licenses	 ZH170/2014	 and	
ZH24/2013.		
	
H.	pylori	strains,	culture	conditions	and	colony	counting	
For	 the	 in	vitro	 infection	H.	pylori	strain	G27	were	used	and	 for	 the	 in	vivo	 studies	
mice	were	infected	with	H.	pylori	strain	PMSS1.	They	have	been	described	previously	
in	Covacci	et	al.	1993	and	Arnold	et	al.,	2011	172,173.	The	RFP	PMSS1	isogenic	mutant	
strain	was	designed	by	our	collaborator	Karen	Ottemann	and	was	described	before	
in	174.	For	the	infection	in	vitro	and	in	vivo,	bacteria	were	cultured	from	frozen	stocks	
on	 horse	 blood	 agar	 plates	 containing	 12μg/ml	 Vancomycin,	 100μg/ml	 Bacitracin	
and	15μg/ml	Nalidic	Acid	at	37°C	for	2	days	under	microaerophilic	conditions.	They	
were	inoculated	for	6	hours	in	20ml	liquid	culture	(Brucella	broth	(Difco)	containing	
10%	FBS	(Life	Technologies)).	Liquid	cultures	were	grown	with	shaking	at	37°C	in	mi-
croaerophilic	 conditions.	 For	 in	 vitro	 infection	 H.	 Pylori	 was	 cultured	 for	 6hrs	 or	
overnight	for	in	vivo	infection.	The	Δurease	H.	pylori	mutant	was	cultured	on	plates	
and	 in	 liquid	 culture	 supplemented	 additionally	with	 25μg/ml	 of	 Chloramphenicol.	
Mice	 were	 infected	 intragastrically	 either	 on	 day	 7	 after	 birth	 or	 at	 the	 age	 of	 6	
weeks	with	107-108	CFU	H.	pylori	PMSS1	always	 for	 four	weeks.	All	H.	pylori	 liquid	
cultures	were	routinely	assessed	by	light	microscopy	for	contamination,	morphology,	
and	motility	prior	to	use.		
	
HDM-induced	allergic	asthma	
For	 the	 induction	 of	 HDM-induced	 allergic	 asthma	 six	 weeks	 after	 infection,	mice	
were	sensitized	i.p.	with	1ug	of	house	dust	mite	extract	(HDM)	(Greer)	dissolved	in	
PBS.	Beginning	on	day	8	post-sensitization,	mice	were	challenged	i.p	with	10ug	HDM	
on	five	consecutive	days.	Two	days	after	the	last	challenge,	mice	were	sacrificed	with	
CO2	and	were	analyzed	 for	 asthmatic	 readouts.	 For	 the	 lung	 histopathology,	 lungs	
were	fixed	by	perfusion	and	immersion	in	10%	(vol/vol)	formalin	and	analyzed	by	our	
collaborators	in	Leiden.	In	short,	tissue	was	embedded	in	paraffin	and	the	tissue	sec-
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tions	 were	 stained	 with	 H&E	 and	 periodic	 acid-Schiff	 and	 analyzed	 blindly	 with	 a	
BX40	Olympus	microscope.	Goblet	cell	metaplasia	was	quantified	as	the	number	of	
PAS-positive	 goblet	 cells	 per	 1mm	 of	 the	 basement	membrane.	 The	 peribronchial	
inflammation	was	scored	from	0-4,	with	four	being	the	most	inflamed	condition.	
	
Generation	and	infection	of	BMDC,	spleen	DCs	and	human	blood-derived	DCs		
For	 the	 generation	 of	murine	 bone	marrow	 derived	 DCs	 (BMDCs),	 the	 femur	 and	
tibia	of	donor	mice	(C57BL/6,	TLR2-/-	and	β-CateninDC-/-)	were	flushed	with	full	RPMI	
medium	 (10%	 (vol/vol)	 FCS,	 100	 U/ml	 penicillin/streptomycin).	 Cells	 were	 treated	
with	red	cell	blood	lysis	buffer	(Roche)	for	1min,	the	reaction	was	stopped	with	RPMI	
medium.	2x106	 cells	were	 seeded	 in	6well	plates	 for	WB	or	50.000	cells	 in	96-well	
plates	for	ELISA	in	full	RPMI	medium	and	20ng/ml	GM-CSF.	The	same	volume	of	me-
dium	was	added	every	3	days	during	 the	whole	period	of	7	days.	BMDCs	were	 in-
fected	for	16h	with	H.	pylori	at	a	multiplicity	of	infection	of	~50.		
For	 the	 isolation	of	 splenic	DCs,	 cell	 suspensions	were	prepared	by	digestion	using	
1mg/ml	CollagenaseD	and	0.1%	DNaseI	(both	from	Roche)	in	serum-free	RPMI	for	1h	
at	37°C.	Erythrocytes	were	 lysed	with	1ml	ACK	 lysis	buffer	for	2	min.	DCs	were	 im-
munomagnetically	 isolated	 using	 CD11c	MicroBeads	 (Miltenyi	 Biotec)	 according	 to	
the	manufacturer’s	 instruction	and	seeded	at	2x105	 cells	per	well	 in	96	well	 round	
bottom	plates.	Cells	were	infected	with	H.	pylori	at	a	multiplicity	of	infection	of	~50	
directly	after	seeding	for	two	or	four	hours.		
For	the	generation	of	human	DCs,	peripheral	blood	mononuclear	cells	(PBMC)	were	
isolated	from	buffy	coats	using	Ficoll-PaqueTM	(GE	Healthcare)	of	healthy	volunteers	
obtained	 from	 the	 blood	 donation	 centre	 Zürich	 (ZHBSD).	 CellGro	 DC	 medium	
(Cellgenix)	supplemented	with	1000U/ml	GM-CSF	and	500IU/ml	IL-4	(both	R&D	Sys-
tems)	for	6	days.	Cells	were	infected	with	H.	pylori	at	a	multiplicity	of	infection	of	~50	
for	two	hours.		
	
Leukocyte	isolation		
To	isolate	the	leukocyte	population	of	the	lamina	propria	the	stomach	was	isolated	
and	opened	longitudinally	and	cut	into	three	pieces	and	stored	in	RPMI	medium.	To	
remove	epithelial	cells	the	stomach	was	washed	with	Hanks'	balanced	salt	solution	
with	10%	FCS	and	5	mM	EDTA	at	37°C.	To	digest	 the	stomach,	 it	was	 incubated	 in	
RPMI	 (10%	 FCS	 and	 100	 U/ml	 penicillin/streptomycin)	 supplemented	 with	 0.05	
mg/ml	 DNase	 I	 and	 500	 U/ml	 of	 type	 CollagenaseIV	 (Sigma-Aldrich)	 for	 50min,	 at	
37°C	in	a	shaking	incubator.	To	enrich	the	leucocyte	population	cells	were	layered	on	
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a	 40/80%	 Percoll	 gradient	 and	 centrifuged	 for	 18min.	 The	 interface	was	 collected	
and	washed	in	PBS	with	0.5%	BSA.		
	
Flow	cytometry,	cell	counting	
To	perform	a	surface	staining	cells	were	stained	 in	PBS	and	0.5%	bovine	serum	al-
bumin	with	a	fixable	viability	dye	and	FC-	block	to	reduce	unspecific	antibody	bind-
ing,	with	the	following	antibodies:	anti-mouse	CD45	(30-F11),	CD45.1	(A20),	CD45.2	
(104),	 CD11c	 (N418),	 MHCII	 (M5/114.15.2),	 F4/80	 (BM8),	 CD103	 (M2E7),	 CD11b	
(M1/70),	Ly6G	(1A8),	Ly6C	(HK1.4),	CD4	(RM4-5)	and	TCRβ	(H57-597)	 (all	 from	Bio-
Legend);	anti-mouse	CD282/TLR2	(6C2,	Affymetrix).	For	the	intracellular	T	cell	stain-
ing,	cells	were	incubated	in	complete	IMDM	medium,	which	was	supplemented	with	
0.1uM	 phorbol	 12-myriste	 13-acetate	 and	 1ul	 ionomycin	 with	 1:1000	 Brefeldin	 A	
(eBioscience)	and	GolgiStop	solution	for	3.5	hrs	at	37°C	with	5%	CO2.	After	the	stain-
ing,	 cells	 were	 fixed	 and	 permeabilized	 with	 Cytofix/Cytperm	 Fixa-
tion/Permeabilization	 Solution	 Kit	 following	 the	 manufacturer`s	 instruction.	 Cells	
were	 stained	 with	 the	 antibodies	 IFN-γ	 (XMG1.2,	 Biolegend)	 and	 IL-17	 (TC11-
18H10.1)	for	50	min.	Before	the	analysis	countBrightTM	absolute	counting	beads	(Life	
technologies)	were	added	to	each	sample.	All	samples	were	analyzed	on	a	LSRII	For-
tessa	(BD	Biosciences).	The	analysis	was	performed	with	the	FlowJo	software	(Tree-
Star).	
	
Western	Blot	
BMDCs	were	sonicated	with	a	BIORUPTOR®	(Diagenode)	for	5	minutes.	The	protein	
extracts	of	BMDCs	were	made	in	RIPA-Buffer	(50mM	Tris-HCl,	pH	8.0,	150mM	sodi-
um	 chloride,	 1%	NP-40,	 0.5%	 sodium	deoxycholate,	 0.1%	 SDS)	 supplemented	with	
2mM	sodium	orthovanadate,	15mM	sodium	pyrophosphate,	10mM	sodium	fluoride	
and	1X	complete	protease	inhibitor	cocktail	(Roche).	Samples	were	diluted	1:5	with	
loading	dye	and	heated	up	 to	90°C	 for	5min.	The	same	volume	of	 the	sample	was	
separated	 in	 an	 8%	 Tris-glycine	 SDS-Polyacrylamide	 gel	 followed	 by	 transfer	 onto	
nitrocellulose	 membranes.	 Membranes	 were	 probed	 with	 antibodies	 against	 β-
catenin	 (1/2000,	AbCam)	and	GAPDH	 (1/5000,	 Sigma	Aldrich).	 The	membrane	was	
analyzed	using	a	FUSION	Solo	(Vilber	Lourmat)	with	Fusion	software.	Pictures	were	
analyzed	and	quantified	using	ImageJ	software.		
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ELISA	
The	supernatants	of	infected	BMDCs	were	subjected	to	IL10-ELISA	after	24hrs	of	co-
culture.	To	quantify	IL-10	abundance	the	mouse	BD	OptEIA	IL-10	ELISA	(Bioscience)	
was	 used	 according	 to	 the	manufacturer’s	 instructions.	 	Samples	were	 diluted	 1:2	
using	assay	diluent.	Plates	were	analyzed	after	10-15	minutes	developing	time,	using	
a	microplate	 reader	 SpectraMax	 i3	 (Molecular	Devices)	with	 SoftMax	Pro	 6.4	 soft-
ware.		
	
Quantitative	RT-PCR	
RNA	was	isolated	from	scraped	stomach	mucosa	and	BMDCs	using	the	NucleoSpin®	
RNA	II	Kit	(Macherey-Nagel)	or	from	spleen	DCs	and	MO-DCs	using	the	RNeasy	Mini	
kit	 (QIAGEN)	 according	 to	manufacture’s	 instructions.	 The	 RNA	 concentration	was	
determined	by	the	NanoDrop®	ND-1000	Spectrophotometer	(WITEC	AG)	and	adjust-
ed	to	1υg	RNA	per	sample.	Complementary	DNA	synthesis	was	performed	using	Su-
perScriptIII	 reverse	 transcriptase	 (Invitrogen)	 in	 a	 T3000	 Thermocycler	 (Biometra).	
Quantitative	 PCR	 reactions	 for	 the	 candidate	 genes	 were	 performed	 using	 either	
SYBER-Green	or	TaqMan	gene	expression	assay.	The	following	TaqMan	probes	were	
used:	 (Ifnγ	Mm01168134_m1,	 Il17a	Mm00439618_m1,	 Il10	Mm01288386_m1,	AX-
IN2	 Mm00443610_m1,	 HPRT	 Mm03024075_m1).	 SYBER	 Green	 primers	 are	 listed	
below	 and	 were	 designed	 with	 an	 annealing	 temperature	 of	 60°C	 and	 50	 cycles.	
Complementary	cDNA	was	analyzed	on	a	Lightcycler	480	instrument.	Samples	were	
measured	in	duplicates	and	the	relative	gene	expression	was	normalized	to	GAPDH	
or	HPRT.	The	mean	relative	gene	expression	was	determined,	normalized	to	the	in-
ternal	control	and	calculated	using	the	2ΔC(t)	or	respectively	the	2ΔΔC(t)	method.	
	
Species	
	
Target	sequence	
	 	
Sequence	
	
	
	
murine	
	
AXIN2	
fw	
rw	
AAC	CTA	TGC	CCG	TTT	CCT	CT	
CCA	CAC	ATT	TCT	CCC	TCT	CC	
	
IL-10	
fw	
rw	
CAG	AGC	CAC	ATG	CTC	CTA	GA	
TGT	CCA	GCT	GGT	CCT	TTG	TT	
	
GAPDH	
fw	
rw	
GAC	ATT	GTT	GCC	ATC	AAC	GAC	C	
CCC	GTT	GAT	GAC	CAG	CTT	CC	
	
	
	
human	
	
AXIN2	
fw	
rw	
GCT	GAC	GGA	TGA	TTC	CAT	GT	
ACT	GCC	CAC	ACG	ATA	AGG	AG	
	
IL-10	
fw	
rw	
AAG	GGC	AAT	TTA	ATC	CAAA	GGT	T	
TTT	GGT	TTC	CTC	ACC	CTA	CTG	T	
	
RPLPO	
fw	
rw	
CAG	CAG	CTG	GCA	CCT	TAT	TGG	
CCA	GCT	CTG	GAG	AAA	CTG	CTG	
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Statistical	analysis	
Statistical	analysis	was	performed	with	Prism	6.0	(GraphPad	Software).	The	nonpar-
ametric	Mann-Whitney	U	test	was	used	for	all	statistical	comparisons.	Median	values	
are	indicated.	Stars	are	used	to	show	the	statistically	significance	according	to	the	p-
value:	*	p<0.05,	**p<0.01.	
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DISCUSSION	
1.	THE	ROLE	OF	MACROPHAGES	AND	CD11b+	DCs	IN	H.	PYLORI	INFECTION		
1.1	The	MP	compartment	differs	between	gastric,	small	intestinal	and	colon-
ic	mucosa	
Much	is	known	about	the	murine	myeloid	compartment	of	the	colon	and	the	intes-
tine.	Most	studies	of	the	intestinal	tract	focus	on	understanding	the	regional	specifi-
cation	of	different	cell	populations	and	their	function	in	homeostasis	in	an	adult	set-
ting	175,176.	Others	have	studied	the	microbial	composition	during	early	development	
or	how	nutrition	can	shape	cell	maturation	and	composition	177,178.	Besides	this	a	lot	
of	research	focuses	on	inflammatory	dysfunction	of	the	gut	such	as	IBD	or	the	inter-
play	between	 immune	system,	microbiota	and	dietary	habits	179.	However,	 there	 is	
only	 little	 literature	 about	 the	 composition	 and	 the	 function	 of	 the	myeloid	 com-
partment	in	the	gastric	lamina	propria.	In	general	not	much	literature	focuses	on	the	
developmental	differences	in	these	myeloid	compartments	-	stomach,	intestine	and	
colon	-	from	the	neonatal	period	towards	adult	age	180.	Therefore,	we	compared	the	
three	organs	during	development	and	made	several	unexpected	findings.	First,	mye-
loid	cells	are	the	main	population	 in	the	gastric	mucosa	 in	steady	state,	which	 is	 in	
clear	contrast	to	the	colon	and	intestine,	where	lymphocytes	are	the	dominant	cell	
type.	 The	 gastric	 lamina	 propria	 is	 colonized	 with	 myeloid	 cells	 such	 as	 CD103+,	
CD11b+	DCs	and	macrophages,	which	decrease	from	neonatal	age	until	adult	age	 in	
steady	state.	One	week	after	birth	the	overall	amount	of	CD11b+	DCs	is	the	highest	
compared	 to	 all	 other	 cell	 types	 and	 decreases	 gradually	 afterwards.	 The	 same	 is	
true	 for	 the	 bona	 fide	 DCs	 three	 weeks	 after	 birth.	 At	 the	 time	 of	 weaning	 the	
amount	of	CD103+	DCs	decreases.	This	trend	stands	in	clear	contrast	to	the	myeloid	
compartment	of	the	small	intestine,	which	shows	a	gradual	increase	of	all	major	cell	
subsets.	 Overall,	 the	 colon	 and	 the	 gastric	 lamina	 propria	 show	many	 similarities	
except	the	development	of	CD11b+	DCs,	leading	to	the	hypothesis,	that	both	organs	
might	have	similar	functions	with	regard	to	their	immunologic	compartment.		
Several	studies	were	performed	mainly	 to	 identify	 the	tolerogenic	or	 inflammatory	
role	of	DCs	during	H.	pylori	infection,	but	did	not	focus	on	the	cell	composition	in	the	
gastric	mucosa.	A	previous	publication	of	 Kao	et	 al.	 has	 investigated	 the	effect	 on	
DCs	directly	after	a	H.	pylori	infection	in	cryo-	and	paraffin-embedded	sections	of	the	
stomach.	They	made	use	of	GFP-expressing	H.	pylori	and	observed	an	influx	of	DCs	
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into	the	gastric	lamina	propria	of	mice	as	early	as	6	and	48hrs	after	infection.	How-
ever,	five	days	after	infection	these	authors	hardly	saw	any	DCs	in	the	stomach	and	
speculated	that	in	an	acute	infection	DCs	are	recruited	very	rapidly	and	then	imme-
diately	migrate	 to	 the	draining	 lymph	nodes	 181.	Another	study	has	 focused	on	hu-
man	samples	and	detected	an	increased	amount	of	DCs	 in	the	stomach	of	 infected	
patients	182.	We	were	now	able	to	investigate	the	behavior	of	all	myeloid	cells	over	
the	time	of	one	and	three	months,	and	saw	an	increase	of	the	absolute	cell	amount	
of	 all	myeloid	 cells	 during	 infection.	 The	main	 incoming	 cells	 are	 lymphocytes	 fol-
lowed	 by	 neutrophils,	 macrophages,	 inflammatory	monocytes	 and	 the	 various	 DC	
subsets.	 In	 the	 adult	 infection	 model,	 these	 lymphocytes	 have	 a	 clear	 TH1	
polarization.	This	 goes	 in	 line	with	previous	 studies	 in	our	 lab,	 showing	 that	adult-
infected	mice	 induce	 a	 TH1	 response.	 In	 contrast,	 neonatally	 infected	mice	 fail	 to	
induce	a	TH1	response	and	rather	are	skewed	towards	Treg	differentiation.	This	dif-
ference	in	T	cell	differentiation	might	be	explained	by	the	fact	that	during	the	neona-
tal	phase	 the	overall	 amount	of	 regulatory	CD11b+	DCs	and	macrophages	 is	higher	
compared	to	an	adult	stomach	
	
1.2	CCR2	dependent	recruitment	of	macrophages	and	DCs		
As	described	above,	H.	pylori	 infection	 triggers	an	 influx	of	T	cells,	neutrophils	and	
also	of	specific	myeloid	cells	in	the	gastric	mucosa.	We	could	show	that	this	influx	of	
myeloid	cells	is	dependent	on	CCR2	signaling.	However,	only	CX3CR1dimCD11b+	MPs,	
monocytes	and	macrophages	are	dependent	on	cell-intrinsic	CCR2	signaling	for	their	
recruitment	 during	H.	 pylori	 infection,	 as	we	 could	 show	 in	 bone	marrow	 chimera	
experiments.	In	contrast	bona	fide	CD103+	DCs	do	not	rely	on	CCR2	and	are	present	
in	normal	 cell	 numbers	 in	 infected	mixed	chimera	mice.	 This	 leads	 to	 the	assump-
tion,	that	during	 inflammation,	Ly6ChiCX3CR1dim	monocytes,	resident	CX3CR1hi	mac-
rophages	 and	 CX3CR1dimCD11b+	 MPs	 are	 replenished	 by	 CCR2-dependent	 blood	
borne	Ly6Chi	monocytes,	which	enter	the	gastric	lamina	propria.	These	results	go	in	
line	with	previous	 studies	 in	 the	 intestine	 and	 colon	 66,183.	 Bain	et	 al.	 showed	 that	
also	in	the	colon	Ly6ChiCX3CR1dim	monocytes	and	CX3CR1hi	macrophages	are	replen-
ished	 by	 Ly6chi	 monocytes	 in	 a	 CCR2-dependent	 manner	 using	 a	 dextran-induced	
colitis	model.	They	 showed,	 that	 this	holds	 true	even	 for	 the	 steady	state.	Besides	
this,	they	observed	that	during	inflammation,	Ly6Chi	monocytes	do	not	fully	develop	
into	macrophages	in	their	model,	but	rather	arrest	as	Ly6ChiCX3CR1dim	inflammatory	
monocytes.	In	contrary,	we	observed	also	an	increase	of	macrophages	beside	Ly6Chi	
monocytes	after	 infection	with	H.	pylori	 in	wt	mice.	This	 suggests	 that	an	H.	pylori	
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infection	don	not	lead	to	a	total	disruption	of	monocyte	differentiation	into	CX3CR1hi	
macrophages.	These	differences	in	the	studies	may	be	explained	by	the	use	of	totally	
different	models,	as	H.	pylori	has	also	a	regulatory	function,	which	might	allow	the	
development	towards	tolerogenic	macrophages.	However,	 this	needs	to	be	 further	
investigated	 by	means	 of	 cytokine	 profiling.	Moreover,	 we	 observed	 a	 strong	 de-
pendency	of	CX3CR1dimCD11b+	MPs	on	CCR2.	Further	characterization	of	this	popula-
tion	revealed	that	these	cells	are	on	the	one	hand	FLT3-dependent	but	additionally	
express	TLR2	and	CX3CR1	and	are	CCR2-dependent.	This	leads	to	the	suggestion	that	
these	 cells	 in	 the	 gastric	mucosa	 exhibit	 properties	 of	bona	 fide	 DCs	 as	well	 as	 of	
macrophages.	Beside	this,	it	is	now	clear	that	some	bona	fide	CD11b+	DCs	are	able	to	
express	 CCR2	 and	 also	 pre-DCs	 might	 express	 CCR2	 30,33,184.	 Bain	 et	 al.	 found	 in	
steady	state	and	 in	a	colitis	model,	 that	CD11b+CCR2+	DCs	are	FLT3-dependent	and	
derive	from	DC	progenitors,	and	cannot	be	replenished	by	Ly6Chi	monocytes	66.	This	
supports	the	hypothesis	of	CD11b+	DCs	being	bona	fide	DCs.	
	
1.3	CD11b+	DCs,	Ly6C+	monocytes	and	macrophages	phagocytose	H.	pylori	in	
the	gastric	mucosa	
The	 gastrointestinal	 tract	 promotes	 the	 absorption	 of	 nutrients	 and	 allows	 the	
growth	of	commensals	but	at	 the	same	time	has	to	distinguish	them	from	harmful	
microorganisms.	 It	 is	 still	 a	 matter	 of	 discussion	 how	 antigen	 sampling	 pathways	
handle	 luminal	 antigens	 in	 the	 stomach	 and	 the	 intestine.	 It	 is	 now	well-accepted	
that	antigens	are	taken	up	by	specialized	microfold	cells	 in	the	Peyer`s	Patches	185.	
Several	papers	reported	that	CX3CR1-expressing	mononuclear	cells	are	able	to	form	
transepithelial	 dendrites	 to	 take	 up	 soluble	 antigens	 in	 the	 intestine	 71,73.	 Conse-
quently,	we	were	interested	in	understanding	the	uptake	of	H.	pylori	in	the	stomach	
and	the	potential	role	of	CX3CR1hi	macrophages	and	CX3CR1dimCD11b+	DCs.	To	bet-
ter	follow	this	process	in	vivo,	our	collaborator	Karen	Ottemann	generated	a	PMSS1	
H.	pylori	strain	expressing	RFP	under	the	urease	promoter.	This	strain	can	be	detect-
ed	in	vitro	48hrs	after	infection	of	BMDC	culture	and	in	vivo	even	after	one	month	of	
infection.	To	specifically	detect	H.	pylori	 in	CX3CR1+	mononuclear	cells,	we	infected	
the	CX3CR1GFP/+	reporter	mice	with	RFP-expressing	H.	pylori.	We	could	detect	an	RFP	
signal	 in	 inflammatory	 monocytes,	 CX3CR1hi	 macrophages	 and	 CX3CR1dimCD11b+	
DCs.	To	our	surprise,	we	could	not	detect	a	RFP	signal	in	any	CD103+	DC	subset.	This	
was	unexpected,	as	CD103+	DCs	are	essential	for	a	TH1	response	and	for	controlling	
H.	pylori	colonization.	These	findings	go	in	line	with	the	literature,	as	several	publica-
tions	argue	that	CX3CR1+	macrophages	are	essential	 for	soluble	antigen	and	patho-
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gen	 uptake	 in	 the	 intestine	 73,185,186.	 Niess	et	 al.	 revealed	 that	 CX3CR1GFP/GFP	mice,	
which	harbor	a	GFP-knock-in	 instead	of	the	CX3CR1	gene,	cannot	extend	dendrites	
into	the	gut	lumen	71.	These	mice	were	deficient	of	developing	oral	tolerance	against	
ovalbumin.	Mazzini	et	al.	further	raised	the	hypothesis	that	in	the	intestine,	soluble	
fed	antigens	can	be	taken	up	via	transepithelial	dendrites	only	by	CX3CR1hi	macro-
phages	73.	They	report	 that	CX3CR1hi	macrophages	can	transfer	the	antigen	via	gap	
junction	to	CD103+	DCs.	Thereby	the	gap	junction	protein	Cx43	functions	as	a	dock-
ing	molecule.	It	allows	DCs	to	acquire	membrane	domains	containing	a	MHCII	com-
plex	of	the	macrophages,	potentially	via	trogocytosis.	Only	CD103+	DCs	not	CX3CR1hi	
macrophages	are	able	to	migrate	to	the	 lymph	nodes,	where	they	 induce	T	cell	 re-
sponse	 7,72.	 Surprisingly,	we	do	not	 see	 a	 significant	 increase	of	 CD103+	DCs	 in	 the	
MLN	after	infection	with	H.	pylori.	Probably	this	is	due	to	the	analysis	of	the	whole	
MLN,	which	also	drains	the	small	intestine	and	colon.	The	stable	cell	number	of	cir-
culating	CD103+	DCs	from	the	gut	might	outnumber	and	mask	the	 invading	CD103+	
DCs	 cells	 from	 the	 stomach.	 Beside	 this,	 we	 could	 not	 detect	 an	 increase	 in	 the	
CX3CR1dim	population	in	the	MLN	after	H.	pylori	infection	supporting	the	hypothesis	
by	Schulz	et	al.,	that	these	cells	do	not	migrate	to	the	lymph	nodes	and	that	the	anti-
gen	transfer	to	CD103+	DCs	might	occur	 locally	 in	the	stomach	72.	Until	now,	no	re-
ports	investigated	the	role	of	CX3CR1dimCD11b+	DCs	in	antigen	uptake.	Cerovic	et	al.	
only	 showed	 that	 these	 cells	 are	 able	 to	migrate	 to	 the	 lymph	nodes	 and	prime	T	
cells	187.	The	role	of	this	DC	subset	in	origin	and	function	needs	to	be	further	investi-
gated	in	the	gastrointestinal	tract.	This	leads	to	the	suggestion	that	beside	DCs	also	
other	cells	are	necessary	to	build	up	the	immune	response	in	the	MLNs.	Up	to	now	
we	cannot	rule	out	that	H.	pylori	antigen	travels	to	the	MLN	via	the	lymph	in	a	non-
cell-associated	fashion.	However,	we	do	not	see	any	RFP	signal	in	any	MLN	cell	and	
cannot	detect	any	 live	bacteria	 in	 the	MLN	by	plating	even	under	conditions	when	
we	 detect	 a	 robust	 RFP	 signal	 in	 the	myeloid	 compartment	 of	 the	 stomach.	 Addi-
tionally,	a	technical	limitation	of	RFP-detection	in	MLN	cells	after	the	death	of	bacte-
ria	could	also	be	an	explanation.		
Until	 now,	 the	 importance	 of	 the	 CX3CR1-dependent	mechanism	 is	 still	 under	 de-
bate,	as	it	was	only	observed	in	the	duodenum	so	far	73.	However,	our	own	data	sug-
gest,	that	at	least	in	the	gastric	LP	CX3CR1	macrophages	are	able	to	take	up	H.	pylori.	
In	 a	 next	 step	 the	 potential	 interaction	 between	 CD103+	 DCs	 and	 CX3CR1	macro-
phages	via	gap	junctions	and	the	effect	for	an	H.	pylori	infection	might	be	studied.	To	
this	end	Gja1fl/fl	x	Itagx-Cre	mice,	whose	Cx43	is	conditionally	deleted	in	CD11c+	cells,	
could	be	used.	To	further	study	the	role	of	CX3CR1+	mononuclear	cells	during	H.	py-
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lori	 infection	 in	more	detail,	we	 are	 currently	 investigating	 the	phenotype	of	mice	
depleted	for	CD11c+CX3CR1+	cells	by	using	CD11cCre	x	CX3CR1Stop-DTR	mice.	In	the	
future	 we	 will	 also	 study	 the	 more	 specific	 depletion	 of	 macrophages	 by	 using	
LysMCre	or	CD64Cre	x	CX3CR1Stop-DTR	mice.		
To	sum	up,	we	could	show	that	H.	pylori	is	taken	up	by	CX3CR1hi	macrophages,	mon-
ocytes	 as	well	 as	CX3CR1dim	 CD11b+	DCs	 in	 vivo,	which	nicely	 supports	 the	existing	
literature.	However,	the	role	of	these	cells	in	H.	pylori	infection	has	not	further	been	
studied	so	far.	
	
1.4	Upregulation	of	tolerogenic	mediators	after	H.	pylori	encounter	
1.4.1	H.	pylori	encounter	leads	to	an	upregulation	of	TLR2	and	NLRP3	transcription	
in	mononuclear	phagocytes	
Having	figured	out	which	cells	are	taking	up	H.	pylori,	we	were	interested	in	investi-
gating	 the	 transcriptional	 consequences	 for	 these	cells.	We	 focused	on	 IL-10,	TLR2	
and	 NLRP3	 expression.	 We	 and	 others	 could	 show	 that	 TLR2	 and	 NLRP3	 are	 im-
portant	 for	H.	 pylori	 detection	 and	 for	 the	 induction	 of	 a	 tolerogenic	 immune	 re-
sponse	 85,169,188.	 Specifically,	 we	 could	 show	 that	 the	 TLR2/NLRP3/IL-18	 axis	 is	 in-
duced	after	H.	pylori	infection	of	BMDCs,	leading	to	a	tolerogenic	phenotype	169.	This	
will	be	discussed	in	more	detail	in	the	next	chapter.	Additionally,	we	know	from	sev-
eral	 studies	with	different	knockout	mice	 that	TLR2-/-,	NLRP3-/-,	Caspase-1-/-	 and	 IL-
18-/-	mice	copy	the	phenotype	of	Treg	or	DC	depletion	in	mice	during	H.	pylori	infec-
tion.	This	phenotype	is	characterized	by	increased	inflammation	and	severe	patholo-
gy	164,169.	To	now	study	the	effect	at	the	transcriptional	level	on	cells	phagocytosing	
H.	pylori,	we	infected	mice	with	RFP-expressing	H.	pylori	and	compared	sorted	RFP+	
cells	with	RFP-	cells	from	the	same	mice.	H.	pylori-encountered	CD11b+	DCs	and	mac-
rophages	expressed	more	TLR2	and	NLPR3.	 In	 contrast	 to	CD11b+	DCs,	 the	expres-
sion	of	 TLR2	and	NLRP3	 in	CD103+	DCs,	which	do	not	 take	up	H.	pylori,	was	much	
lower	in	general	and	did	not	increase	after	infection.	We	hypothesized	based	on	the-
se	findings	that	the	contact	of	H.	pylori	leads	to	an	upregulation	of	TLR2/NLRP3	tran-
scription.	NLRP3	 and	 TLR2	 signaling	 are	 tightly	 linked	 to	 a	 tolerogenic	 immune	 re-
sponse	 during	 H.	 pylori	 infection.	 The	 combined	 results	 suggest	 that	 CD11b+	DCs	
favor	a	tolerogenic	immune	response	in	H.	pylori	infected	stomachs.	In	addition,	we	
found	this	cell	type	is	dominant	and	most	abundant	in	the	murine	gastric	LP	during	
the	 time	of	 the	 tolerogenic	window,	between	 the	 first	 two	weeks	 after	 birth.	 This	
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might	explain	the	tolerogenic	response	against	a	neonatal	H.	pylori	infection,	which	
is	not	so	pronounced	in	an	adult	infection.	
	
1.4.2	H.	pylori	encounter	induces	IL-10	expression	in	CD11b+	DCs		
To	further	confirm	the	assumption	that	H.	pylori-exposed	CD11b+	DCs	favor	immune	
tolerance,	we	studied	their	 IL-10	expression	upon	H.	pylori	encounters	 in	the	same	
setup.	We	focused	on	 IL-10	as	a	classical	and	mainly	tolerogenic	 immune	regulator	
189.	The	same	CD11b+	DCs	which	upregulate	TLR2	and	NLRP3	also	have	an	increased	
IL-10	expression,	supporting	the	hypothesis	that	these	cells	gain	a	tolerogenic	phe-
notype	upon	H.	pylori	contact	in	the	stomach.	This	goes	in	line	with	the	results	from	
Engler	et	al.	where	we	could	show	that	DC-specific	IL-10	expression	is	essential	for	H.	
pylori-mediated	 protection	 against	 OVA-induced	 asthma,	 by	 making	 use	 of	 the	
CD11c-Cre	x	IL-10fl/fl	mice.	Mice	deficient	for	IL-10	in	CD11c+	cells	were	not	protected	
from	allergic	asthma	by	H.	pylori	anymore,	compared	to	their	IL-10	proficient	litter-
mates.	Furthermore,	these	mice	revealed	increased	inflammation	and	concomitantly	
less	bacterial	colonization	 in	 the	gastric	mucosa,	supporting	the	tolerogenic	 role	of	
DC-specific	IL-10	signaling	190.	 In	contrast	to	the	sorted	DCs,	we	could	observe	a	re-
duction	 of	 IL-10	 transcripts	 in	 sorted	 RFP+	 CX3CR1hi	macrophages,	 suggesting	 a	 di-
minished	tolerogenic	function	after	H.	pylori	contact.	This	is	surprising,	as	we	know	
from	 literature	 that	 CX3CR1+	 macrophages	 regulate	 anergy	 during	 immune	
homeostasis	and	also	 inflammation	mainly	by	expressing	 IL-10.	 Further,	Bain	et	al.	
observed	 no	 significant	 changes	 in	 their	 transcription	 profiles	 during	 infection	 66.	
Taken	 together,	 all	 these	 data	 support	 the	 assumption	 that	 CD11b+	DCs	 favor	 a	
tolerogenic,	rather	than	inflammatory	environment	upon	H.	pylori	encounter.	
	
	
2.	THE	ANTI-INFLAMMATORY	ROLE	OF	TLR2/NLRP3	IN	H.PYLORI	INFECTION		
2.1	H.	pylori	induces	TLR2-dependent	NLRP3	transcription	
It	 is	known	that	 IL-18	signaling	 is	activated	upon	H.	pylori	 infection.	However,	for	a	
long	time	the	underlying	signaling	pathway	was	not	known.	To	this	end,	we	initially	
asked	 which	 pattern	 recognition	 receptor	 was	 able	 to	 induce	 caspase-1.	 Neither	
NLRC4,	NLRC6	nor	AIM2	were	required.	Only	NLRP3	and	ASC	were	essential.	 In	the	
next	 step,	by	 studying	 the	 relevant	TLRs	activating	NLPR3,	we	only	 identified	TLR2	
activation	as	being	essential	in	inducing	IL-1β	and	IL-18	expression.	In	line	with	this,	
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Kim	et	al.	observed	a	dependency	of	IL-18	and	IL-1β	on	TLR2/NLRP3	signaling.	In	con-
trast,	we	observed	the	transcription	of	pro	 IL-1β	 to	be	dependent	on	H.	pylori	LPS,	
which	signals	via	TLR4/MyD88.		
As	we	know	that	urease	induces	TLR2,	we	wanted	to	understand	the	molecular	me-
diators	 inducing	NLRP3.	Therefore,	we	 studied	 the	 role	of	NF-κB,	as	 it	 is	 known	 to	
induce	NLRP3	upon	E-coli	LPS	treatment	84.	A	further	publication	revealed	that	sev-
eral	bacterial	products	or	 isolated	PAMPS	are	able	to	induce	this	signaling	pathway	
not	only	in	DCs	191,192.	Rapsinski	et	al.	could	show	that	insoluble	amyloids	in	biofilms	
of	 Salmonella	 Typhimurium	 and	Escherichia	 coli	 induced	 IL-1β	 by	 the	 activation	 of	
TLR2	and	NLRP3.	In	this	publication,	the	authors	studied	TLR2-induced	NLRP3	activa-
tion	 in	HEK	and	BMDM	cells.	 It	 suggests	 that	 this	pathway	 is	not	only	 restricted	to	
DCs	 in	 vitro	 193.	 This	 supports	our	 findings	of	 TLR2	and	NLRP3	upregulation	 in	DCs	
and	in	macrophages	upon	H.	pylori	encounter.	In	a	next	step	we	now	plan	to	investi-
gate	 in	TLR2-/-	mice	whether	NLRP3	expression	 is	also	dependent	on	TLR2	 in	 these	
cells.		
	
2.2	Urease	B	induces	IL-1β 	and	NLRP3	expression	
As	mentioned	in	the	previous	section	we	investigated	the	role	of	ureaseB	during	H.	
pylori	 infection.	We	were	curious	to	know	which	bacterial	 factors	 induce	 IL-1β	and	
NLRP3	activation.	Therefore,	we	performed	a	screen	with	a	transposon	library	to	find	
mutants	 that	 lack	 the	ability	 to	 trigger	 IL-1β	secretion.	UreaseA	and	B,	 two	urease	
subunits	from	the	urease	enzyme,	were	repeatedly	detected	in	this	screen.	Urease	is	
active	in	the	bacterial	cytosol	and	periplasm	and	catalyzes	the	hydrolysis	of	urea	to	
carbon	dioxide	and	ammonia.	This	 leads	to	an	increase	of	the	pH	to	a	neutral	 level	
and	the	ability	for	H.	pylori	to	survive	and	colonize	the	human	stomach.	The	finding	
that	also	other	Helicobacter	strains	express	urease	despite	living	in	non-acidic	condi-
tions	leads	to	the	hypothesis	of	additional	essential	functions	of	urease	for	the	bac-
terium	 194.	UreaseB	 can	be	 secreted	by	H.	pylori.	We	 consequently	 suggested	 that	
ureaseB	might	act	as	a	PAMP.	We	observed	that	only	ureaseB	but	not	A	was	able	to	
rescue	 the	 IL1-β	 and	 caspase-1	 activity	 after	 an	 infection	 with	 a	 urease	 mutant	
strain.	This	supports	that	not	the	catalytic	activity	but	rather	a	structural	part	is	es-
sential	for	the	rescue.	In	contrast,	we	could	not	rescue	this	phenotype	in	TLR2-/-	DCs	
stressing	the	interaction	between	ureaseB	and	TLR2.	Moreover,	our	results	conclude	
that	 urease	 activates	 NF-κB,	 which	 concomitantly	 induces	 NLRP3	 transcription	 via	
MyD88,	a	classical	adaptor	for	NF-κB	signaling.	
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However	it	needs	to	be	mentioned,	that	neither	ureaseB	nor	TLR2	signaling	is	able	to	
lead	to	the	assembly	of	the	inflammasome	by	itself.	Both	were	only	able	to	 induce	
transcription	 of	 NLRP3	which	 elucidates	 that	 further	 factors	 are	 necessary	 for	 the	
assembly.	 Summarizing	 the	 literature,	 it	 seems	 that	H.	pylori	 infection	 induces	 the	
NLRP3	 inflammasome	assembly	by	a	variety	of	signals,	 rather	than	one	specific	 lig-
and	alone.	Semper	et	al.	observed	a	dependency	of	CagA	and	VacA	on	the	 inflam-
masome	assembly	in	BMDCs	188.	We	observed	with	both	factors	minor	effects	on	the	
IL-1β	expression	suggesting	that	they	might	play	a	role	in	the	assembly.	Semper	et	al.	
further	suggest,	 that	 the	generation	of	ROS	and	potassium	efflux	 is	 responsible	 for	
NLRP3	activation.	A	blockage	of	potassium	by	additional	KCL	into	the	cell	culture	and	
a	treatment	with	a	ROS	inhibitor	reduced	the	IL-1β	production.	A	potential	link	could	
be	the	ability	of	the	H.	pylori	virulence	factor	VacA	to	 induce	ROS	and	a	potassium	
influx.	Another	report	underlines	the	speculated	NLRP3	activation	by	bacterial	prod-
ucts;	 here	 K+-dependent	 activation	 was	 observed	 for	 the	 bacterial	 toxin	 nigericin	
derived	from	Streptomyces	hygroscopicus	195.	Further	reports	point	out	that	NLRP3	
can	be	activated	by	increased	intracellular	Ca2+	concentrations	196,197.	CagA	can	regu-
late	the	Ca2+	concentration	in	a	PLC-dependent	manner.	This	leads	to	the	hypothesis	
that	 CagA	might	 be	 important	 for	 NLRP3	 regulation,	 knowing	 that	 CagA	 interacts	
with	many	host	proteins	within	the	cell	to	regulate	growth,	morphology	and	motility	
198.	 If	we	 consider,	 that	more	 than	one	 factor	 induces	 the	assembly	of	 the	 inflam-
masome	it	might	be	of	interest	to	make	use	of	recombinant	proteins	to	analyze	the	
effect	more	in	detail.	
To	 sum	up,	we	could	 show	that	ureaseB	 is	 important	 to	activate	NLRP3	 in	a	TLR2-
dependent	manner,	to	induce	inflammasome	activation	and	to	secrete	IL-1β	and	IL-
18.	
	
2.3	NLRP3-	an	anti-inflammatory	regulator	
In	 the	 last	year,	 the	view	on	the	NLRP3	signaling	which	 favors	 the	secretion	of	 the	
cytokines	 IL-1β	 and	 IL-18	 as	 a	 sole	 pro-inflammatory	 mediator	 has	 changed.	 This	
goes	 in	 line	 with	 our	 data	 and	 a	 previous	 publication	 from	 our	 lab,	 showing	 that	
NLRP3	activation	in	H.	pylori	infection	favors	a	tolerogenic	milieu.	Engler	et	al.	could	
show,	that	NLRP3	via	IL-18	protects	mice	from	spontaneous	colitis	199.	Several	other	
publications	underline	the	anti-inflammatory	function,	especially	of	IL-18,	in	the	gas-
trointestinal	tract	200,201.	Dupaul-Chicoine	et	al.	observed,	that	the	application	of	IL-
18	rescued	the	mucosal	tissue	damage	in	caspase-1-/-	mice	200.	 In	our	lab,	Hitzler	et	
al.	 identified	 IL-18	 as	 a	mediator	 regulating	 tolerogenic	 responses	 to	H.	 pylori	 141.	
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Here	we	 linked	this	 IL-18	activation	with	the	 increase	 in	Treg	expression	169.	This	 in-
duction	was	not	only	seen	in	MLN	but	also	in	the	lung,	explaining	one	reason	for	the	
H.	pylori-mediated	protection	against	allergic	asthma	164.		
	
2.4	NLRP3	is	required	for	CD11b+	DC	differentiation	in	gastrointestinal	tis-
sues	
Even	though	NLRP3	is	the	best-studied	NLR	and	represents	a	pivotal	host	mechanism	
to	sense	diverse	danger	 signals,	 its	 functionality	and	 role	 in	MP	recruitment	 in	 the	
gastric	LP	is	poorly	investigated.	From	previous	studies	we	know	that	NLRP3	is	most-
ly	expressed	 in	macrophages	and	CD11b+	DCs	and	to	a	 lower	extent	 in	CD103+	DCs.	
To	further	investigate	NLRP3	function,	we	first	compared	the	MP	composition	in	wt	
and	 NLRP3-/-	mice.	 To	 our	 surprise,	 the	 NLRP3	 knockout	mice	 showed	 a	 defect	 in	
recruiting	 CD11b+	DCs	 in	 steady	 state	 and	 during	 H.	 pylori	 infection.	 By	 studying	
mixed	chimera	to	investigate	the	cell-intrinsic	requirement	of	NLRP3	during	H.	pylori	
infection,	 we	 observed	 a	 dependency	 of	 the	 CD11b+	DC	 differentiation	 on	 NLRP3	
expression	in	the	gastric	LP.	These	mice	are	characterized	by	a	reduced	colonization	
and	 concomitant	 increased	 TH1	 response	 in	 the	 gastric	 LP.	 Consequently,	 we	 also	
studied	the	intestine	and	colon,	where	we	observed	the	same	effects	for	CD11b+	DCs	
in	NLPR3-/-	mice.	As	the	digestive	tract	is	highly	exposed	to	commensals	and	patho-
gens,	which	might	affect	the	cell	composition,	we	depleted	the	microbiota	by	antibi-
otic	treatment	202,203.	But	the	results	revealed	that	a	non-microbiota	regulated	acti-
vation	of	NRP3	is	essential	for	CD11b+	DC	migration.	As	several	studies	point	out	the	
dependency	of	NLRP3	 signaling	 on	 TLR2	 activation,	we	 expected	 the	 same	pheno-
type	also	in	the	recruitment	of	CD11b+	DCs	in	TLR2-/-	mice	169,193.	However,	our	data	
show	that	TLR2	signaling	is	not	essential	for	CD11b+	DC	recruitment	to,	or	differenti-
ation	in	the	LP.	This	suggests	that	the	dysregulated	TH1	response	in	the	TLR2-/-	mice	
is	not	 caused	by	 the	absence	of	CD11b+	DCs.	As	we	know	 from	BDMC	studies	 that	
TLR2-deficient	cells	are	unable	to	produce	IL-10	we	could	in	the	next	step	investigate	
if	 sorted	CD11b+	DCs	of	 TLR2-/-	mice	 show	a	 functional	dysregulation	evidenced	by	
reduced	 IL-10	expression.	The	absence	of	CD11b+	DCs	 in	NLRP3-/-	mice	and	the	po-
tential	dysregulation	of	CD11b+	DCs	 in	TLR2-/-	mice	might	be	one	reason	for	the	 in-
creased	TH1	response	observed	in	both	strains	in	the	stomach	LP.		
Guarda	et	al.	showed	that	NLRP3	is	not	homogenously	expressed	in	myeloid	cells	by	
using	 NLRP3/GFP	 reporter	 mice,	 suggesting	 that	 NLRP3	 might	 have	 differential	
importance	depending	on	the	cell	type.	To	better	study	the	expression	of	NLRP3	in	
the	LP	and	organs,	one	should	consider	making	use	of	this	mouse	strain	204.	 In	this	
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regard,	several	studies	reviled	the	expression	of	NLRP3	not	only	in	myeloid	cells	but	
also	in	lymphoid-	and	epithelial	cells	205,206.	Bruchard	et	al.	showed	that	NLRP3	is	not	
only	a	member	of	the	 inflammasome	but	functions	also	as	a	transcription	factor	 in	
TH2	cells.	They	 identified	that	NLRP3	directly	binds	 IFR4	and	concomitantly	 induces	
IRF4	dependent	IL4	expression.	It	would	be	interesting	to	study	if	NLRP3	also	binds	
IRF4	 in	 CD11b+	 DCs.	 	 As	 IRF4	 is	 an	 essential	 transcription	 factor	 of	 CD11b+	DCs,	 a	
NLRP3	deficiency	might	 influence	the	differentiation	or	migration	of	CD11b+	DCs	as	
we	 observed	 in	 Arnold	 et	 al..	 This	 binding	 can	 be	 investigated	 by	 chromatin-	 im-
munoprecipitation	(ChIP).	Beside	this	Bruchard	et	al.	found	that	a	NLRP3	deficiency	
in	TH2	cells	leads	to	a	reduction	of	IL-4,	IL-5	and	IL-13,	but	did	not	affect	their	activa-
tion	or	proliferation.	In	contrast	to	TH2,	NLRP3	is	irrelevant	for	the	cytokine	produc-
tion	of	TH1	cells.	These	data	 led	to	the	assumption	that	altered	TH2	cytokine	secre-
tion	might	deregulate	the	T	cell	balance	and	explain	the	overshooting	TH1	response	
we	observe	in	NLRP3-/-	mice	after	H.	pylori	infection.		
For	 the	 intestine,	 it	 is	 known	 that	 TLR2	 and	NLRP3	 have	 an	 additional	 function	 in	
epithelial	cells	by	regulating	the	barrier	function.	TLR2	and	NLRP3	are	important	for	
epithelial	 integrity	 in	 intestinal	 epithelial	 cells	 during	 colitis,	 which	 is	 disrupted	 in	
TLR2-	and	NLRP3-deficient	mice.	Moreover,	NLRP3	in	epithelial	cells	 is	essential	 for	
the	 protection	 against	 Citrobacter	 rodentium	 and	 subsequently	 the	 prevention	 of	
pathology	in	this	case	207,208.	As	we	made	use	of	whole	body	TLR2	and	NLRP3	knock-
out	mice,	we	might	have	caused	an	 imbalance	 in	the	barrier	 function,	which	might	
lead	to	a	dysregulation	of	the	TH1	response	in	the	gastric	mucosa	of	these	mice.	This	
TH1	difference	between	 infected	and	control	mice	was	only	 local	 in	 the	LP	and	not	
observed	in	the	MLN.	This	argues	for	an	effect	caused	by	resident	cells,	which	might	
be	the	CD11b+	DCs	as	well	as	epithelial	cells	or	after	infection	also	local	T	cells	infil-
trating	the	stomach.		
Taken	 together,	 we	 observed	 an	 NLRP3-dependent	 CD11b+	DC	 recruitment	 in	 the	
gastrointestinal	LP	 in	steady	state	and	after	 infection.	These	observations	raise	the	
question	if	the	recruitment	problem	of	CD11b+	DCs	is	specific	for	the	gastrointestinal	
tract	or	if	we	could	observe	this	phenotype	also	in	other	mucosal	tissue.	Studying	in	
this	regard	the	pulmonary	LP	would	be	of	high	interest,	knowing	that	NLPR3	is	essen-
tial	for	H.	pylori-conferred	allergic	asthma	protection	169,206.	But	also	an	investigation	
of	the	bone	marrow	might	be	of	interest	to	study	if	this	effect	is	a	developmental	or	
a	migratory	defect.		
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3.	THE	PLEITROPIC	ROLE	OF	BATF3-DEPENDENT	DCs	DURING	H.	PYLORI	IN-
FECTION	
3.1	BATF3-dependent	DCs	regulate	the	TH1	response	against	H.	pylori	in	the	
GI	tract	
From	literature	it	is	already	known	that	BATF3-dependent	DCs	have	pleiotropic	func-
tions.	It	is	well	established	that	BATF3-dependent	CD103+	and	CD8+	DCs	have	superi-
or	antigen	cross-presentation	capacities	relative	to	the	other	DC	subsets.	They	con-
sequently	 play	 an	 essential	 role	 in	 antiviral	 and	 anti	 tumor	 immunity	 through	 the	
generation	of	CD8+	cytotoxic	T	cells	45,209,210.		
As	we	know	that	CD103+	DCs	are	not	in	direct	contact	with	H.	pylori,	we	were	inter-
ested	to	study	their	role	during	infection	using	BATF3-/-	mice	lacking	CD103+	DCs.	To	
this	end,	we	could	show	that	compared	to	CD11b+	DCs,	these	cells	are	important	to	
build	up	immunity,	as	BATF3-deficient	mice	are	not	able	to	mount	a	proper	TH1	re-
sponse.	 These	 findings	 go	 in	 line	 with	 recent	 publications	 underlining	 the	 role	 of	
BATF3-dependent	DC	in	regulating	TH1	responses.	In	the	model	of	Leishmania	major	
infection,	CD103+	DCs	play	an	essential	role	in	activating	a	TH1	response,	here	via	the	
production	of	IL-12	47.	However	we	could	not	evaluate	the	IL-12	involvement	during	
H.	pylori	 infection	 in	CD103+	DCs,	due	to	 technical	difficulties	of	detection	by	FACS	
and	qRT-PCR.	Chudnovskiy	et	al.	 recently	 identified	Tritrichomonas	musculis,	which	
colonizes	the	 intestine	and	favors	a	TH1	response	by	BATF3-dependent	CD103+	and	
IRF4-dependent	DCs	211.	As	we	did	not	observe	any	changes	in	the	T	cell	polarization	
in	the	MLNs	we	concluded	that	the	BATF3-dependent	DCs	are	not	essential	for	T	cell	
priming	in	the	MLNs.	This	argues	for	a	local	induction	of	a	TH1	response	in	the	lamina	
propria	by	these	cells.		
These	newer	results	stand	in	contrast	to	several	publications	describing	CD103+	DCs	
as	 cells	driving	 tolerogenic	 immune	 response	 in	 various	organs.	 Several	 studies	 re-
port	CD103+	DCs	in	the	gut	as	regulatory	mediators	by	providing	retinoic	acid	to	Treg	
cells	 leading	 to	 their	 induction	 35,212.	 CD103+	DCs	have	been	 reported	 to	 induce	de	
novo	 production	of	 Treg	 cells	 also	 in	 the	 spleen	 and	 lung	 38,213.	 These	 controversial	
results	together	suggest	a	high	plasticity	of	CD103+	DCs	at	least	in	the	gastrointesti-
nal	tract.	However,	the	observation	that	BATF3-dependent	CD103+	DCs	also	regulate	
immunity	 is	not	 limited	 to	 the	GI	 tract,	as	Furuhashi	et	al.	 showed	that	pulmonary	
CD103+	DCs	are	prone	to	prime	naïve	CD4	cells	towards	TH1/TH17	differentiation	214.	
These	 data	 are	 supported	 by	 an	 additional	 study,	 pointing	 out	 a	 high	 plasticity	 of	
pulmonary	 CD103+	 DCs,	 which	 allows	 switching	 from	 a	 tolerogenic	 towards	 a	
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sential	 for	 H.	 pylori-induced	 asthma	 protection,	 as	 BATF3-/-	 mice	 revealed	 an	 in-
creased	asthmatic	phenotype	characterized	by	increased	goblet	cell	metaplasia,	IL-5	
and	IL-13	production.	In	addition,	we	found	an	increased	influx	of	CD103+	DCs	in	H.	
pylori-protected	lungs	compared	to	allergic	lungs.	In	an	ex	vivo	study	comparing	MLN	
DCs	of	BATF3-/-	mice	with	DCs	of	wt	mice,	we	observed	an	increased	IL-10	expression	
after	treatment	with	H.	pylori	extract	only	in	the	wt	mice	indicating	that	CD103+	DCs	
are	an	important	source	of	IL-10.	In	line	with	this	finding,	Khare	et	al.	also	observed	a	
pulmonary	tolerance	dependent	on	CD103+	DCs.	Here	CD103+	DCs	were	able	to	favor	
Treg	induction	in	an	ex	vivo	co-culture	and	induce	Aldh1a2,	which	together	with	TGF-
β	primes	 Treg	 cells	 38.	 We	 did	 not	 specifically	 investigate	 the	 cytokine	 profile	 of	
CD103+	DCs	in	H.	pylori-induced	asthma	protection	so	far.	This	would	be	of	interest,	
to	clarify	the	phenotype	of	CD103+	DCs	and	the	underlying	mechanism	during	H.	py-
lori	infection	in	comparison	for	instance	to	the	inflammatory	phenotype	of	the	same	
DC	subset	in	the	stomach	of	H.	pylori-infected	mice.		
Beside	CD103+	DCs	regulating	 the	TH2	response,	we	now	know	that	also	subsets	of	
CD11b+	DCs	are	able	to	regulate	TH2	responses.	By	making	use	of	IRF4-/-	mice	or	mice	
specifically	depleted	for	Notch2	in	DCs,	we	can	address	the	question	in	the	context	
of	an	H.	pylori-induced	asthma	protection.	To	sum	up,	we	saw	that	in	the	lung	of	H.	
pylori	 infected	mice,	CD103+	DC	are	essential	 to	protect	mice	 from	allergic	 asthma	
potentially	by	their	IL-10	expression.	
	
	
	4.	THE	ROLE	OF	β-CATENIN	SIGNALING	IN	H.PYLORI	INFECTION	
4.1	The	effect	of	H.	pylori	infection	on	β-catenin	signaling	in	DCs	
As	mentioned	before,	it	now	becomes	clear	that	DC	subsets	are	able	to	induce	diver-
gent	immune	responses	depending	on	the	antigens	they	detect.	β-catenin	activation	
in	 DCs,	 either	 dependent	 or	 independent	 of	WNT	 is	 known	 to	 shape	 immune	 re-
sponses	 towards	 tolerance.	 Manoharan	 et	 al.	 reviled	 a	 TLR2	 induced	 β-catenin	
signaling	via	the	PI3K/AKT	pathway	promoting	vitamin	A	metabolism	and	IL-10	secre-
tion.	This	protected	the	mice	against	TH17/TH1-mediated	autoimmune	neuroinflam-
mation	 99,216.	 As	 TLR2	 is	 activated	 by	H.	 pylori	 secreted	 ureaseB,	we	 consequently	
wanted	 to	 study	 the	potential	 activation	of	β-catenin	upon	H.	pylori	 infection.	We	
observed	in	spleen	DCs	that	the	activation	of	β-catenin	target	genes	is	dependent	on	
TLR2	 receptor	 signaling.	 This	 goes	 in	 line	 with	 the	 literature,	 suggesting	 that	 β-
catenin	 is	 activated	by	 TLR2	 216.	 In	 addition,	Nakayama	et	 al.	 showed	 that	VacA	 is	
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able	to	induce	β-catenin	signaling	via	TLR2/AKT	activation	107.	However,	we	could	not	
confirm	a	dependency	of	β-catenin	activation	on	AKT	signaling	(data	not	shown).		
Our	data	suggest,	that	H.	pylori	ureaseB	induces	several	tolerogenic-signaling	path-
ways	via	TLR2	activation.	On	the	one	hand,	ureaseB	induces	NLRP3-dependent	acti-
vation	of	IL-18	and	IL-1β.	 It	further	induces	β-catenin	signaling.	From	gastric	cancer	
and	breast	cancer	cells	 it	 is	known	that	IL-1β	 is	able	to	activate	β-catenin	signaling.	
This	leads	to	the	hypothesis,	that	β-catenin	is	not	only	activated	by	TLR2	directly	but	
might	be	activated	via	NLRP3/IL1-β	217.	As	an	infection	with	H.	pylori	in	vitro	mainly	
leads	to	a	tolerogenic	IL-18-driven	phenotype,	the	activation	of	β-catenin	via	IL-1β	is	
probably	not	so	strong.	However,	 this	pathway	needs	 to	be	confirmed	 in	DCs	 first.	
Beside	this,	we	should	think	of	studying	the	β-catenin	expression	not	only	 in	TLR2-	
but	also	in	NLRP3-deficient	mice.		
As	the	reduction	of	β-catenin	target	genes	in	TLR2-deficient	cells	was	not	statistically	
significant,	we	 consequently	 suggest	 that	β-catenin	 is	 not	 exclusively	 activated	 via	
TLR2	signaling	in	spleen	DCs	upon	H.	pylori	 infection,	but	might	be	activated	by	dif-
ferent	pathways	as	discussed	in	the	following.	Beside	ureaseB	and	VacA,	also	CagA	is	
known	to	 induce	β-catenin	signaling	 independent	of	TLR2.	 In	the	context	of	gastric	
cancer	 it	 is	 known	 that	 CagA	 interacts	with	 E-cadherin	 and	 thereby	 inhibits	 the	β-
catenin/E-cadherin	interaction	in	gastric	cells	106.	This	leads	to	the	deregulation	of	β-
catenin	 activation	 and	 subsequently	 to	 the	 accumulation	 of	 nuclear	 β-catenin.	
However	this	is	not	consistent,	as	some	studies	observed	a	disruption	of	E-cadherin	
independent	of	CagA	218.	Another	study	observed	an	activation	of	the	β-catenin	tar-
get	gene	CyclinD1	independent	of	CagA	129,219.	Making	use	of	human	monocyte	DCs	
we	 could	 not	 observe	 that	 CagA	 is	 important	 for	 activating	 CyclinD1	 (data	 not	
shown),	arguing	that	this	might	be	an	epithelial	cell-specific	phenotype.		
One	possible	 signaling	 pathway	 that	 can	be	 studied	 in	DCs,	 and	 is	 independent	 of	
TLR2	 is	 the	effect	of	H.	pylori	on	E-cadherin	and	 the	concomitant	uncoupling	of	β-
catenin	from	E-cadherin.	Jiang	et	al.	observed	β-catenin	induction	and	a	maturation	
of	BMDCs	after	E-cadherin	disruption	98.	In	addition	to	E-cadherin	and	TLR2	stimula-
tion,	further	signaling	pathways	such	as	FAS,	TGF-β	and	PLC-γ2	are	able	to	activate	β-
catenin	in	DCs	97,100,101,220.	However,	further	studies	are	warranted	to	elucidate	how	
this	pathway	might	work.	
As	β-catenin	activation	favors	tolerogenic	pathways,	it	is	not	surprising	that	it	induc-
es	IL-10	secretion.	Manoharan	et	al.	found	that	TLR2	signaling	induces	IL-10	via	sev-
eral	pathways.	It	can	be	activated	via	ERK	directly,	which	favors	SOCS3	activation	and	
concomitantly	 an	 inhibition	 of	 IL-12,	 IL-23	 and	 IL-6,	 leading	 to	 a	 suppression	 of	
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TH1/TH17	responses	99.	Beside	this,	they	found	that	IL-10	transcription	is	induced	via	
the	PI3K-dependent	phosphorylation	of	AKT,	which	 inhibits	GSK3β	by	phosphoryla-
tion.	This	leads	to	an	activation	of	TCF4	and	β-catenin	in	the	nucleus	and	induces	IL-
10	as	well	as	RALDH	transcription.	From	previous	studies	we	know	the	importance	of	
IL-10	 signaling	 for	H.	 pylori-induced	 tolerogenic	 immune	 responses.	 Consequently,	
we	analyzed	the	IL-10	expression	in	BMDCs	of	TLR2-deficient	mice	and	mice	deficient	
for	β-catenin	 in	 CD11c+	cells	 after	H.	 pylori	 infection.	 IL-10	 signaling	 is	 strongly	 re-
duced	in	DCs	from	TLR2-deficient	mice	and	to	a	lesser	extent	in	β-catenin	deficient	
DCs.	 These	 results	 suggest	 that	 H.	 pylori	 infection	 induces	 IL-10	 signaling	 in	 DCs	
mainly	 via	 TLR2.	 It	 also	 points	 out	 that	 TLR2	 is	 able	 to	 induce	 IL-10	 synergistically	
with	 other	 β-catenin-independent	 pathways.	 This	 supports	 the	 findings	 of	 Mano-
haran	et.al.,	who	found	that	TLR2	induces	ERK	signaling	and	β-catenin	activation	to	
induce	IL-10	signaling	in	DCs	99.		
To	sum	up	we	could	demonstrate	that	H.	pylori	is	able	to	induce	β-catenin	signaling	
via	a	urease-dependent	TLR2	activation	beside	other,	until	now	unknown	pathways.	
Moreover	 these	 results	point	out	 that	H.	pylori-induced	TLR2	signaling	 favors	 IL-10	
secretion	at	least	partly	via	β-catenin.	
	
4.2	The	role	of	β-catenin	signaling	in	CD11c+	cells	in	H.	pylori-induced	im-
mune	tolerance	
We	 found	 that	 H.	 pylori	 exposure	 of	 DCs	 drives	 the	 TLR2-dependent	 and	 also	 -
independent	activation	of	β-catenin	 target	genes	 including	 IL-10.	We	consequently	
hypothesized	that	β-catenin	has	a	tolerogenic	function	in	DCs	in	vivo.	To	this	end,	we	
generated	mice	that	are	deficient	for	β-catenin	in	DCs	in	all	organs.	As	a	drawback	of	
this	model,	macrophages	 in	 the	gastrointestinal	 tract	 and	alveolar	macrophages	 in	
the	lung	also	express	high	levels	of	CD11c.	Therefore	we	could	not	rule	out	an	ectop-
ic	depletion	of	β-catenin	in	these	cells	as	well	221,222.	To	circumvent	this,	a	DC	specific	
Cre-	 strain	 such	as	FLT3	or	Zbtb46	should	be	used,	 to	nail	 the	phenotype	down	 to	
DCs.	We	first	studied	the	effect	of	β-catenin	on	the	colonization	level	of	H.	pylori	in	
the	stomach	mucosa.	As	expected,	we	observed	a	reduced	colonization	in	neonatally	
infected	and	slight	 reduction	 in	adult	 infected	mice.	This	observation	 is	underlined	
by	a	slightly	increased	IFN-γ	expression	in	the	stomach	mucosa	of	neonatally	infected	
β-catenin-deficient	mice.	In	the	adult	infection	we	did	not	observe	a	great	difference	
in	 IFN-γ-expressing	 T	 cells,	 which	 goes	 in	 line	 with	 only	 a	 slight	 decrease	 in	 the	
colonization	level.	These	data	support	the	publications	stating	that	β-catenin	activa-
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tion	 in	CD11c+	 cells	 induces	a	 tolerogenic	phenotype	 216.	 In	contrast,	 the	picture	 in	
the	MLN	is	different	compared	to	the	stomach.	Here	we	observed	an	increase	of	IFN-
γ	only	in	the	adult	infection	and	no	obvious	changes	of	IFN-γ	expressing	T	cells	in	the	
neonatal	infection.	This	leads	to	the	suggestion	that	the	TH1	response	in	the	lamina	
propria	 is	 locally	 shaping	 the	 inflammatory	 condition,	at	 least	 in	 the	neonatally	 in-
fected	model.	As	mentioned	before,	 it	needs	 to	be	 further	 studied	 if	 this	 local	 im-
mune	response	is	also	shaped	by	NK-cells	or	local	T	cells.	As	a	neonatal	infection	in-
duces	a	tolerogenic	condition,	we	wanted	to	study	the	effect	of	β-catenin	depletion	
on	the	IL-10	production	in	the	stomach	mucosa.	In	contrast	and	against	our	hypoth-
esis,	we	observed	an	increase	in	IL-10	expression	inversely	correlated	to	the	amount	
of	β-catenin	alleles	in	uninfected	and	H.	pylori	infected	mice.	This	stands	in	contrast	
to	the	 literature,	showing	that	β-catenin	depletion	 leads	to	a	reduction	 in	 IL-10	se-
cretion	104.	However	it	also	underlines	the	complexity	of	IL-10	regulation	and	favors	
the	 controversial	 discussion	 still	 ongoing	 in	 literature.	 This	 suggests	 that	β-catenin	
might	have	a	negative	feedback	on	other	 IL-10	producing	cells,	as	for	 instance	TH1,	
TH2,	or	TH17	cells	189.	Another	observation	of	Cohen	et	al.	was	an	increased	IL-12	ex-
pression	 in	CD103+	 and	CD8+	DCs	by	overexpressing	β-catenin	 in	DCs	 223.	However	
we	did	not	further	investigate	the	IL-12	expression	in	CD103+	DCs	yet,	to	confirm	this	
connection.	From	our	in	vitro	study	we	know	that	β-catenin	is	upregulated	in	a	TRL2-
dependent	manner.	Beside	this,	we	observed	an	upregulation	of	TLR2	and	NLRP3	in	
cells	being	in	contact	with	H.	pylori.	This	upregulation	is	however	not	dependent	on	
an	 intrinsic	 feedback	 loop	regulated	by	β-catenin	signaling.	The	only	difference	we	
observed	was	that	macrophages	of	mice	deficient	for	β-catenin	in	CD11c+	cells,	take	
up	slightly	less	H.	pylori.	If	this	is	a	direct	effect	of	the	depletion	of	β-catenin	in	these	
cells	or	a	bystander	effect	 from	DC	needs	 to	be	 further	 investigated	by	comparing	
the	expression	of	β-catenin	in	these	cell	populations.		
To	sum	up,	the	role	of	β-catenin	in	DCs	and	potentially	macrophages	during	H.	pylori	
immune	 regulation	 appears	 to	 be	minor	 one	 by	 studying	 the	 colonization	 and	 the	
TH1	response.	
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5.	MECHANISMS	OF	ASTHMA	PROTECTION		
5.1	Host	factors	regulating	H.	pylori-induced	asthma	protection	
5.1.1	IL-10	is	a	critical	regulator	for	asthma	protection	
Recently,	we	 and	others	 have	 shown	 that	DCs	 are	 essential	 for	 immune	 tolerance	
and	 to	 build	 up	 a	 TH2	 cell-driven	 airway	 inflammation	 164,224.	 Previous	 publications	
revealed	 in	 genome-wide	association	 studies,	 that	 IL-10	 is	 an	 important	 risk	 factor	
for	asthma	predisposition	225,226.	Moreover,	 lower	levels	of	IL-10	serum	were	found	
in	asthmatic	patients	225,227.	From	our	in	vitro	studies	we	already	knew	that	DCs	are	
able	to	induce	IL-10	secretion	upon	H.	pylori	infection.	Consequently,	we	investigat-
ed	the	role	of	DCs	and	IL-10	in	H.	pylori-mediated	asthma	protection	in	more	detail.	
We	showed	that	IL-10	is	produced	to	a	great	extent	by	pulmonary	CD11c+	DCs,	as	the	
IL-10	expression	was	 reduced	by	half	 in	CD11c-Cre	 x	 IL-10fl/fl	mice.	 In	 addition,	we	
could	show	that	IL-10	in	DCs	is	 important	for	H.	pylori-induced	allergic	asthma	pro-
tection,	as	this	was	lost	in	CD11c-Cre	x	IL-10fl/fl	mice.	The	protection	is	comparable	to	
mice	treated	with	anti-IL-10R	antibodies	190.	These	findings	are	supported	by	a	publi-
cation	in	which	constitutive	IL-10-secreting	DCs	were	transferred	and	prevented	lung	
inflammation	228.	As	mentioned	before,	we	not	only	studied	the	effect	of	live	infec-
tion	but	also	the	effect	of	the	bacterial	extract	and	found	that	also	here	IL-10	is	im-
portant	for	extract-mediated	asthma	protection.		
From	the	literature	it	is	known	that	IL-10	is	regulated	via	a	TNFα-mediated	negative	
feedback	loop	during	airway	inflammation	229.	IL-10	induces	the	apoptosis	in	eosino-
phils	and	thereby	reduces	the	secretion	of	IL-5	and	consequently	asthma	symptoms	
directly.	We	could	show	that	H.	pylori	extract	induces	IL-10	secretion	in	DCs	and	that	
this	depends	on	TLR2	and	MyD88	signalling.	This	goes	in	line	with	our	results,	reveal-
ing	a	diminished	IL-10	expression	in	TLR2-/-	mice	after	infection.	Thus	also	H.	pylori-
infected	TLR2-/-	mice	are	not	able	 to	protect	 from	asthmatic	 symptoms.	 In	myeloid	
DCs	and	macrophages	MyD88,	 the	adapter	molecule	downstream	of	TLR2,	 induces	
IL-10	 expression	 230.	 Beside	 this	 IL-10	 can	 be	 regulated	 by	 several	 further	mecha-
nisms	like	DC-SIGN,	dectin1	or	as	discussed	above	via	β-catenin	231.	
We	also	started	to	elucidate	the	DC	subsets	regulating	the	IL-10	secretion	in	the	lung	
after	 H.	 pylori	 infection.	 We	 identified	 CD103+CD11b-	 DCs	 to	 be	 essential	 for	 an	
asthma	 protection.	We	 observed	 that	 DCs	 lacking	 this	 population	 have	 a	 reduced	
IL10	expression	ex	vivo,	suggesting	a	potential	role	of	CD103+	DCs	in	IL-10	regulation.	
Due	to	technical	problems	we	were	not	able	to	define	the	IL-10	expression	directly	in	
CD103+	DCs	of	the	lung.	However,	it	should	be	mentioned	that	DCs	are	not	the	only	
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source	of	IL-10	in	the	lung.	Interstitial	macrophages	are	known	to	produce	IL-10	and	
to	regulate	lung	homeostasis	232.	A	recent	paper	showed	that	interstitial	macrophag-
es	constitutively	express	IL-10	via	TLR4/MyD88.	Unfortunately	Kawano	et	al.	did	not	
study	the	role	of	CD103+	DCs	in	their	setup	233.	As	we	know	from	Koch	et	al.	that	H.	
pylori	LPS	is	able	to	induce	TLR4	signalling	in	DCs,	this	might	also	be	true	for	intersti-
tial	macrophages	 169.	 In	 addition,	 the	 transfer	 of	 infected	 interstitial	macrophages	
into	 HDM-sensitized	mice	 would	 clarify	 if	 these	 cells	 were	 able	 to	 rescue	 asthma	
symptoms.	To	sum	up,	our	data	support	the	assumption	that	IL-10	signalling	in	DCs	is	
required	for	allergic	asthma	protection	conferred	by	 infection	and	also	by	H.	pylori	
extract.	The	 source	of	 IL-10	 should	be	 studied	 in	more	detail	 regarding	 the	 role	of	
macrophages.		
	
5.1.2	The	role	of	Treg	cells	in	asthma	protection	
In	a	previous	publication	from	our	lab,	Oertli	et	al.	showed	that	Treg	cells	are	essential	
for	asthma	protection	in	the	neonatal	 infection	model	164.	We	observed	now	an	in-
crease	of	Foxp3+	Treg	 cells	 in	MLN	and	PP	after	 infection.	This	 increase	was	neither	
visible	in	mice	infected	with	urease	mutant	H.	pylori	nor	in	infected	TLR2-/-	mice.	Ad-
ditionally,	the	wt	Treg	cells	were	not	only	increased	in	number	after	an	infection	with	
H.	pylori,	they	also	revealed	tolerogenic	properties.	Treg	cells,	isolated	from	infected	
mice	and	transferred	into	uninfected,	sensitized	wt	recipients,	were	able	to	alleviate	
asthma	symptoms.	This	protection	was	not	observed	with	Treg	cells	from	mice	infect-
ed	 with	 urease	 mutant	 H.	 pylori.	 This	 again	 indicates	 the	 importance	 of	 the	
TLR2/NLRP3/IL-18	pathway	for	an	H.	pylori-induced	tolerance,	by	priming	Treg	cells.	
In	 the	 last	years,	Tregs	 got	 into	 the	 focus	as	being	essential	during	 the	 sensitization	
phase	of	allergic	asthma	234.	However,	until	now,	we	could	not	explain	the	tolerogen-
ic	effect	of	Treg	cells	 in	H.	pylori-induced	allergic	asthma	and	 immune	tolerance.	To	
elucidate	the	effect	H.	pylori	has	on	Treg	 cells	we	analysed	potential	DNA	modifica-
tions	in	the	epigenome	of	Treg	cells	in	the	MLN.	The	Treg-specific	demethylated	region	
(TSDR)	within	the	FOXP3	locus	can	be	demethylated	in	the	thymus.	This	results	in	the	
stabilization	of	Foxp3	expression	and	thereby	guarantees	full	functionality	and	long-
term	stability	of	Treg	cells	235,236.	Therefore,	we	compared	sorted	Foxp3+	cells	from	H.	
pylori-infected	 versus	 Foxp3+	 cells	 from	MLNs	of	 uninfected	mice.	With	 the	use	of	
DNA	methylation	analysis	we	investigated	the	methylation	status	at	12	TSDR	regions.	
We	observed	 a	 higher	 demethylation	 in	 Foxp3+	 cells	 from	 infected	mice.	 This	 sug-
gests	that	the	demethylation	might	confer	the	long-lasting	protection	against	various	
allergic	diseases	such	as	asthma	or	food	allergy	(Kyburz	et	al.	2017,	in	preparation).	
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Surprisingly,	extract-induced	asthma	protection	was	not	dependent	on	Treg	cells.	De-
pletion	of	Tregs	with	an	anti-CD25	antibody	has	no	effect	on	extract	protection,	even	
though	extract	protection	is	dependent	on	CD103+	DCs	and	IL-10	190.	This	 indicates,	
that	the	extract	induces	other,	Treg-independent,	signaling	pathways	in	the	lung.	This	
goes	 in	 line	with	 the	 literature,	as	 the	 role	of	Treg	 cells	 in	asthma	protection	 is	 still	
controversially	discussed,	and	some	publications	support	the	idea	that	asthma	pro-
tection	is	not	based	on	Treg	cells.	 In	this	regard,	 it	might	be	of	 interest	to	study	the	
role	of	pDCs	in	more	detail.	Besides	the	increase	of	CD103+	DCs,	we	additionally	saw	
an	increase	of	pDCs.	They	are	not	known	as	classical	IL-10	inducers	but	can	mediate	
tolerance	by	suppressing	mature	DCs	via	induction	of	Treg	cells,	IDO-	or	PDL1	produc-
tion	 (rev.	 230,237).	 Taken	 together,	Treg	 induction	 is	not	essential	 for	extract-induced	
asthma	protection	but	essential	for	alleviating	asthma	symptoms	in	neonatal	H.	pylo-
ri	infection.	Thereby	H.	pylori	induces	a	stable	Treg	differentiation	which	conveys	one	
way	of	asthma	protection.		
	
5.1.3	β-catenin	signaling	in	CD11c+	cells	is	a	critical	mediator	of	protection		
Another	signaling	pathway	which	is	known	to	play	an	important	role	in	asthma	pro-
tection	and	the	induction	of	IL-10	is	the	β-catenin	pathway.	We	and	others	suggest	
an	important	immune	modulatory	effect	of	β-catenin	signaling	on	inflammatory	pro-
cesses	 in	 allergic	 asthma.	 β-catenin	 signaling	 has	 immunosuppressive	 functions	
mainly	in	DCs,	preventing	the	induction	and	secretion	of	pro-inflammatory	cytokines	
and	 the	 subsequent	 airway	 inflammation	 238-240.	 We	 observed	 the	 H.	 pylori-
dependent	 activation	 of	β-catenin	 in	 vitro.	 Consequently,	we	wanted	 to	 study	 the	
role	 of	β-catenin	 in	 DCs	 during	H.	 pylori-induced	 allergic	 asthma	 protection.	Mice	
deficient	for	β−catenin	in	CD11c+	cells	were	not	protected	from	goblet	cell	metapla-
sia	and	 lung	 inflammation,	 two	hallmarks	of	allergic	asthma.	These	 results	 support	
previous	 findings	by	Reuter	et	al.	 showing	 that	β-catenin	 signaling	 in	DCs	plays	 an	
essential	role	during	allergic	asthma	protection.	Recently,	Yan	et	al.	could	show	that	
curcumin	induces	β-catenin	signaling	in	DCs,	which	protects	from	various	hallmarks	
of	OVA-induced	asthma	such	as	lung	inflammation	and	goblet	cell	metaplasia	241.	In	
humans,	Bae	et	al.	observed	that	β-catenin	loss	of	function	mutations	correlate	with	
an	increased	asthma	risk	242.	
Taken	together,	our	findings	underline	the	importance	of	β-catenin	signaling	in	DCs	
and	 potentially	 also	macrophages	 during	H.	 pylori-induced	 allergic	 asthma	 protec-
tion.	However,	 only	 a	minor	 importance	 of	 β-catenin	 in	 regulating	 the	 tolerogenic	
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immune	response	in	the	stomach	was	observed,	as	discussed	above.	This	underlines	
once	again	the	divergent	functionality	of	cells	in	different	organs.		
	
5.2.	Bacterial	determinants	of	asthma	protection	
5.2.1	The	role	of	VacA	and	GGT	in	allergic	asthma	protection	
We	 identified	 two	 immunomodulators	of	H.	pylori,	GGT	and	VacA,	which	are	both	
able	 to	 induce	 tolerogenic	 DCs	 and	 required	 for	 the	 induction	 of	 suppressive	 Treg	
cells.	Moreover,	VacA	mutants	failed	to	confer	asthma	protection	145.	Therefore	we	
investigate	the	ability	of	purified	VacA	and	GGT	to	protect	 from	asthma	symptoms	
190.	Purified	VacA	and	GGT	protect	nearly	as	good	as	a	live	infection	of	mice.		
The	effect	of	GGT	might	be	 traced	back	 to	 the	general	 function	of	GGT	 to	convert	
glutathione	 and	 glutamine	 to	 glutamate	 on	 dendritic	 cells	 and	 directly	 on	 T	 cells.	
Schmees	et	al.	showed	that	H.	pylori	GGT	induces	a	cell	cycle	arrest	and	thereby	in-
hibits	T	cell	proliferation	243.	This	goes	in	line	with	another	publication	revealing	that	
reduced	extracellular	glutamine	levels	affect	T	cell	proliferation,	activation	and	effec-
tor	cytokine	expression	244.	Bussilon	et	al.	have	suggested	that	the	tolerogenic	prop-
erties	might	be	caused	by	Cox2,	which	is	induced	upon	GGT	exposure	of	gastric	epi-
thelial	cells	and	 is	known	to	 inhibit	TH1	responses	146,147.	These	data	go	 in	 line	with	
our	 experiments	 hinting	 towards	 an	 inhibition	 of	 Treg	 differentiation	 when	 co-
cultures	 of	 infected	 dendritic	 cells	 and	 T	 cells	were	 supplemented	with	 glutamine	
and	glutathione.	Käbisch	et	al.	recently	shed	light	into	the	molecular	mechanism	of	
GGT	on	human	dendritic	 cells.	 They	 reported	 that	 glutamate,	 the	product	 of	GGT,	
induces	DCs	by	inhibiting	cAMP	signaling	and	reducing	IL-6	secretion	in	response	to	
H.	 pylori	 infection	 245.	 All	 these	 data	 support	 that	 GGT	 is	 an	 immunomodulator,	
which	induces	tolerogenic	by	programming	DCs	and	T	cells	to	favour	persistence	and	
to	prevent	from	allergic	diseases.	
Compared	to	GGT,	purified	VacA	protected	even	better	from	asthma	symptoms,	es-
pecially	when	the	protein	was	given	during	the	neonatal	phase.	From	the	literature	it	
is	known	that	VacA	is	able	to	induce	NLRP3	inflammasome	activation	188.	Moreover,	
VacA	 is	 necessary	 for	 Treg	 differentiation	 145.	 As	 also	NLRP3/IL-18	 signaling	 induces	
Treg	differentiation	this	suggests	that	VacA	might	signal	via	the	NLRP3/IL-18	pathway.	
Moreover,	VacA	induces	the	PI3K/Akt	pathway	favouring	GSK3β	 inhibition	and	con-
comitant	β-catenin	activation	107.	We	could	show	that	β-catenin	is	important	for	IL-
10	secretion	after	H.	pylori	infection.	In	addition	IL-10	expression	is	essential	for	Va-
cA-induced	 asthma	 protection,	 as	 IL-10	 depletion	 abrogates	 this	 protection.	
Discussion	
	 139	
Furthermore,	it	is	known	that	PI3K	is	involved	in	IL-10	signaling	246.	Thus,	it	would	be	
interesting	to	address	whether	VacA	signals	via	PI3K	to	induce	IL-10.	Another	ques-
tion,	which	needs	to	be	answered,	is	whether	VacA	signals	via	IL-18.	Thus,	we	should	
observe	that	VacA	protection	is	abolished	in	NLRP3-/-	and	IL-18-/-	mice.		
The	 tolerogenic	 properties	 of	 VacA	 are	 further	 confirmed	 by	 the	 previously	 men-
tioned	DNA	methylation	of	the	TSD	region	in	the	Foxp3	locus.	We	observed	that	Va-
cA	treatment	increased	the	demethylation	of	the	regions	in	Foxp3+	cells	from	MLNs	
(manuscript	 Kyburz	et	al.,	 2017).	 This	might	 explain	one	 immunomodulatory	path-
way	how	VacA	favours	tolerogenicity	and	alleviates	asthma	symptoms.		
To	sum	up,	these	results	point	out	that	we	are	still	on	the	road	of	understanding	the	
complexity	 of	 this	 cellular	 interplay	 of	myeloid-	 but	 also	 other	 immune	 cells.	 This	
complexity	makes	us	aware	that	we	need	to	investigate	the	molecular	mechanisms	
more	carefully	 to	 further	 improve	treatment	strategies	against	diseases	such	as	al-
lergic	asthma.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	20:	Host-	and	bacterial	factors	contribute	to	the	protection	of	allergic	asthma	during	
an	H.	pylori	infection	
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The	H.	pylori	immunomodulators	GGT	and	VacA	promote	chronic	infection	by	tolerizing	DCs	
and	thereby	inducing	Treg	differentiation.	H.	pylori-induced	Tregs	are	required	for	the	suppres-
sion	of	allergen-specific	immune	responses.	VacA	protection	depends	on	CD103+	DCs	and	IL-
18	secretion.	IL-18	can	be	induced	by	urease-dependent	TLR2/NLRP3	activation	in	DCs.	Treg-	
and	DC-derived	 IL-10	contributes	 to	H.	pylori-specific	allergy	prevention	 in	 the	 lung	 (modi-
fied	from	163).	
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CONCLUDING	REMARKS	
	
It	is	now	well	established	that	DC	subsets	have	a	pleiotropic	function	depending	on	
the	 stimuli	 they	 receive	 and	 the	 tissue	 they	 populate.	 It	 is	 known	 that	 H.	 pylori	
induces	 tolerogenic	 DCs,	 which	 favors	 bacterial	 persistence	 in	 the	 stomach.	 We	
could	 show,	 that	 this	 property	 is	 tightly	 linked	 to	 the	 protection	 against	 allergic	
asthma	247.	However,	not	much	more	was	known	about	the	role	of	DCs	in	the	gastric	
lamina	 propria.	 Here	we	 studied	 the	 function	 of	 DCs	 in	more	 detail	 during	 steady	
state	and	H.	pylori	infection	in	the	gastric	LP,	and	in	the	lung	during	allergic	asthma.		
We	 showed	 that	 the	development	of	CD11b+	DCs	 is	 dependent	on	 intrinsic	NLRP3	
expression	in	the	gut	LP	and	identified	these	cells	as	tolerogenic	regulators	during	H.	
pylori	infection	in	the	gastric	LP.	In	addition	we	observed	that	these	cells	sample	H.	
pylori	as	efficiently	as	CX3CR1hi	macrophages	and	Ly6Chi	monocytes	and	subsequent-
ly	 upregulate	 NLRP3	 and	 TLR2	 expression.	 In	 contrast	 to	 tolerogenic	 CD11b+	DCs,	
CD103+	 DCs	 favor	 a	 TH1	 response	 in	 the	 gastric	 LP	 (manuscript	Arnold	et	 al.).	 This	
stands	in	contrast	to	our	findings	in	the	allergic	lung,	where	CD103+	DCs	are	infiltrat-
ing	 and	 driving	 asthma	 protection	 190.	 This	 underlines	 once	 again	 the	 pleiotropic	
function	of	DC	cells	in	various	organs.	Beside	CD103+	DCs	being	essential,	we	identi-
fied	DC	specific	IL-10	secretion	and	β-catenin	activation	to	be	important	for	asthma	
protection,	highlighting	the	tolerogenic	function	of	DCs.	Beside	DCs,	Treg	cells	develop	
during	H.	pylori	persistence	in	an	IL-18	dependent	manner.	Until	now,	not	much	was	
known	 regarding	 the	 cellular	 activation	 of	 IL-18	 in	 DCs	 during	H.	 pylori	 infection.	
Here	we	 identified	 the	urease	H.	pylori	 subunit	 ureaseB	as	 an	 immunosuppressive	
factor	 that	 serves	 as	 PAMP	 for	 TLR2.	 Signaling	 via	 TLR2	 induces	 NLRP3	 inflam-
masome	activation,	thereby	activating	the	secretion	of	IL-18,	which	in	turn	promotes	
a	Treg	response.		
However	there	are	still	a	 lot	of	open	questions	regarding	the	role	of	DCs	during	H.	
pylori	 infection	 and	 the	mechanism	of	 allergy	 protection.	 As	NLRP3	was	 shown	 to	
regulate	IRF4	expression	in	T	cells,	it	would	be	of	high	interest	to	follow	up	the	role	
of	NLRP3	in	IRF4-dependent	CD11b+	DCs	206.	Besides	it	would	be	of	interest	to	eluci-
date	 the	 role	of	macrophages	 as	we	observed	 that	macrophages	 take	up	H.	pylori	
and	therefore	might	also	represent	regulators	of	the	persistence.	In	addition,	it	was	
shown	that	 interstitial	macrophages	 in	 the	 lung	and	macrophages	 in	 the	gastric	 LP	
are	 potent	 tolerogenic	 mediators,	 as	 they	 secrete	 IL-10	 65,232.	 The	 depletion	 of	
CX3CR1+	macrophages,	with	a	LysM-Cre	system	would	be	of	interest	to	study	these	
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effects.	In	the	lung,	this	system	will	only	deplete	interstitial	macrophages,	as	alveolar	
macrophages	do	not	express	CX3CR1	248.	By	answering	these	questions,	we	can	fur-
ther	shed	light	on	the	development	of	persistent	bacterial	colonization	and	elucidate	
key	players	of	allergic	asthma	protection.		
Taken	 together,	 with	 this	 work	 we	 gained	more	 insight	 into	 the	 division	 of	 labor	
among	 different	 DC	 subsets	 and	 the	molecular	 pathways	 regulating	 immune	 sup-
pression	and	inflammation.	
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	ABBREVIATION	
	
APC	 	 antigen	presenting	cell	
ASC		 	 apoptosis-associated	speck-like	protein	containing	c-Terminal	CARD		
b-catenin	 beta	catenin	
β-Trcp	 	 β-transducin	repeat-containing	protein	
BATF	 	 Basic	Leucine	Zipper	ATF-Like	Transcription	Factor	
BCL9	 	 B-cell	CLL/lymphoma	9	protein	
BMDCs	 bowne	marrow	derived	DCs	
CBP	 	 CREB-binding	protein	
CCND1		 cyclinD1		
CCR	 	 C-C	Motif	Chemokine	Receptor		
CDP		 	 conventional	dendritic	cell	precursor	
cDC	 	 classical	dendritic	cells	
cMoP	 	 common	monocyte	progenitors	
CK1α	 	 casein	kinase	1α		
CX3C	 	 chemokine	receptor	
DC		 	 dendritic	cell	
DVL	 	 disheveled	
EAE		 	 experimental	autoimmune	encephalomyelitis	
E-cadherin	 epithelial	cadherin		
ERK	 	 extracellular	signal-related	kinase	
FACS	 	 fluorescence	activated	cell	sorting	
FLT3	 	 FMS-like	tyrosine	kinase	3	
FoxP3	 	 	forkhead	box	P3	
Fzd	 	 Frizzled	
GGT	 	 gamma	glutamyl	transpeptidase	
GMP	 	 granulocyte	monocyte	progenitors	
GSK3β	 	 glycogen	synthase	kinase	3β		
H.	pylori	 helicobacter	pylori	
IDO	 	 Indolamin-2,3-Dioxygenase	
Ig	 	 Immunoglobulin	
IFN		 	 type	I	interferon	
IL	 	 interleukin		
ILC2	 	 group	2	innate	lymphoid	cell	
IRAKs		 	 IL-1R-associated	kinases	
IRF	 	 the	interferon-regulatory	factor	
JNK		 	 JUN	N-terminal	kinase	
KLF4	 	 Kruppel-like	factor	4	is	a	zinc-finger	transcription	factor,	
LEF	 	 lymphoid	enhancer	factor	
LN	 	 lymph	nodes	
LP	 	 lamina	propria	
LPS	 	 lipopolysaccharide	
LRP5/6,		 low-density	lipoprotein	receptor-related	protein	5/6	
MAL		 	 MyD88-adaptor-like	proteins	
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MAPK	 	 mitogen-activated	protein	kinases		
MFI	 	 mean	fluoresence	intensity	
MLN	 	 mesenteric	lymph	nodes	
MDP		 	 monocyte	and	dendritic	cell	progenitors	
MPS	 	 mononuclear	phagocyte	system	
MyD88	 myeloid	differentiation	primary-response	protein	88	
NF-κB		 	 nuclear	factor-κB	
NLR	 	 Nod-like	receptors		
PAMPs		 pathogen-associated	molecular	pattern	
pDC	 	 plasmacytoid	
PP	 	 Peyer`s	Patch	
PRR		 	 pattern	recognition	receptors	
PYGO	 	 Pygopus	
RALDH	1/2	 retinaldehyde	dehydrogenase	1/2	
RIG-I		 	 retinoic	acid	inducible	gene	I	
RORγT	 	 retinoid-related	orphan	receptor	γT	
TCF	 	 T-cell	factor	
Teff	 	 effector	T	cells	
TFH		 	 T	follicular	helper		
TGFβ	 	 transforming	growth	factor	β	
TH		 	 T	helper	
TH2	 	 T	helper	2	
TLR		 	 toll	like	receptors	
TNKS	 	 tankyrase-1	
Treg	 	 regulatory	T	cells	
Tr1	 	 Type	1	regulatory	T	cell	
TRIF		 	 TIR	domain-containing	adaptor	protein	inducing	TFNβ	
TRAM	 	 TRIF-	related	adaptor	molecule	
TRAF	 	 TNF	receptor-associated	factors	
TSDR	 	 Treg-specific	demethylated	region	
TSLP	 	 thymic	stromal	lymphopoeitin	
wt	 	 wild	type	
VacA	 	 Vacuolating	cytotoxin	A	
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ABSTRACT
Objective Lymphotoxin β receptor (LTβR) signalling
has been implicated in inﬂammation-associated tumour
development in different tissues. We have analysed the
role of LTβR and alternative NF-κB signalling in
Helicobacter pylori-mediated gastric inﬂammation and
pathology.
Design We analysed several ligands and receptors of
the alternative NF-κB pathway, RelB, p52 nuclear
translocation and target genes in tissue samples of H.
pylori-infected patients with different degrees of gastritis
or early gastric tumours by in situ hybridisation,
immunohistochemistry, Western blot and real-time PCR
analyses. Molecular mechanisms involved in LTβR
activation by H. pylori were assessed in vitro using
human gastric cancer cell lines and distinct H. pylori
isolates. The effects of blocking or agonistically activating
LTβR on gastric pathology during challenge with a
human pathogenic H. pylori strain were studied in a
mouse model.
Results Among the tested candidates, LT was
signiﬁcantly increased and activated alternative NF-κB
signalling was observed in the gastric mucosa of H.
pylori-infected patients. H. pylori induced LTβR–ligand
expression in a type IV secretion system-dependent but
CagA-independent manner, resulting in activation of the
alternative NF-κB pathway, which was further enhanced
by blocking canonical NF-κB during infection. Blocking
LTβR signalling in vivo suppressed H. pylori-driven
gastritis, whereas LTβR activation in gastric epithelial cells
of infected mice induced a broadened pro-inﬂammatory
chemokine milieu, resulting in exacerbated pathology.
Conclusions LTβR-triggered activation of alternative NF-
κB signalling in gastric epithelial cells executes H. pylori-
induced chronic gastritis, representing a novel target to
restrict gastric inﬂammation and pathology elicited by H.
pylori, while exclusively targeting canonical NF-κB may
aggravate pathology by enhancing the alternative
pathway.
INTRODUCTION
Chronic gastritis induced by colonisation of the
gastric mucosa by Helicobacter pylori can progress
to atrophic gastritis, intestinal metaplasia, dysplasia
and ultimately to gastric carcinoma.1 The
pro-inﬂammatory environment triggered by the
Signiﬁcance of this study
What is already known on this subject?
▸ Activation of alternative NF-κB signalling
through Lymphotoxin β receptor (LTβR) has
been implicated in inﬂammation-driven tumour
development and progression in different
tissues.
▸ Helicobacter pylori infection leads to early
activation of the canonical NF-κB signalling
pathway.
▸ Polymorphisms in the LTA gene were associated
with increased risk for gastric cancer
development.
▸ Increased levels of chemokines regulated by
alternative NF-κB signalling (eg, CXCL13) have
been observed in H. pylori-infected subjects.
What are the new ﬁndings?
▸ H. pylori infection triggers LTβR signalling and
alternative NF-κB activation in gastric epithelial
cells, contributing to gastric inﬂammation.
▸ Blocking LTβR signalling during H. pylori
infection reduces gastric inﬂammation, while
activation of LTβR leads to a more severe
pathology.
▸ Activated alternative NF-κB exacerbates gastric
inﬂammation even in the absence of H. pylori.
How might it impact on clinical practice in
the foreseeable future?
▸ Our results suggest that blocking H.
pylori-induced LTβR signalling might represent
an interesting therapeutic approach after
antibiotic treatment to control the gastric
inﬂammation elicited by the bacterium. This
strategy might be also considered in combination
with inhibition of canonical NF-κB, since
blocking the canonical pathway alone might
have deleterious effects by enhancing the
alternative NF-κB pathway. This combinatorial or
sequential approach may be able to prevent the
well-described progression of gastric pathology
even after eradication of H. pylori and should be
evaluated in clinical trials in high-risk
populations.
Mejías-Luque R, et al. Gut 2016;0:1–13. doi:10.1136/gutjnl-2015-310783 1
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bacterial infection initiates rapid activation of distinct signalling
cascades, particularly NF-κB, thereby setting the molecular basis
for malignant transformation.2
The severity of the inﬂammatory response to the bacterium
and the risk for gastric cancer (GC) development upon infection
have been directly linked to the presence of certain bacterial
virulence factors, mainly the cag pathogenicity island (cagPAI),
which encodes different components of a type IV secretion
system (T4SS) necessary for translocation of Cytotoxin-asso-
ciated gene A into the host cells.3 Another component of this
T4SS, the CagL protein, interacts with and activates the integrin
α5β1 on gastric epithelial cells, which initiates the delivery of
CagA into the target cells.4 Inside the epithelial cell, CagA inter-
acts with host cell molecules such as the phosphatase SHP-2 and
triggers a number of downstream signalling pathways with onco-
genic activity. At the same time, inﬂammatory signalling is
induced as a consequence of this interaction. While CagA deliv-
ery mainly results in the induction of interleukin (IL)-8, the acti-
vation of canonical NF-κB signalling is mainly T4SS
dependent,5 highlighting the important role of this pathway in
H. pylori-induced pathology.
Activation of canonical NF-κB signalling in gastric epithelial
cells and inﬁltrating immune cells has been well documented
during H. pylori infection;2 6–8 however, only few data about
the functional role of alternative NF-κB pathway in the context
of H. pylori-driven pathology are available.
The alternative NF-κB pathway is activated via a distinct set
of receptors of the tumour necrosis factor superfamily
(TNFSF),9 including BAFFR, Fn14, CD40, herpes virus entry
mediator and the lymphotoxin β receptor (LTβR). The latter is
triggered by either binding of LTα1β2 heterotrimers expressed
by activated T, B, natural killer (NK) cells and lymphoid tissue
inducer cells, or LIGHT (homologous to lymphotoxin exhibits
inducible expression and competes with HSV glycoprotein D
for binding to herpes virus entry mediator, a receptor expressed
on T lymphocytes), a TNFSF member expressed on T lympho-
cytes.9–11 Under pathological conditions, LTs and LIGHT can
also be expressed by epithelial cells.12 13 LTβR is mainly
expressed on epithelial and stromal cells, thereby enabling the
communication with lymphocytes. Receptor activation leads to
the formation of the RelB/p52 NF-κB complex, which mechan-
istically relies on inducible processing of the precursor p100 to
p52 after activation of NF-κB inducing kinase (NIK). The pre-
cursor p100 functions as an IκB-like molecule that keeps RelB
located in the cytoplasm.14 Following ligand binding, proteoso-
mal processing of p100 to p52 results in the formation of RelB/
p52 heterodimers capable of translocating into the nucleus,15 16
inducing the expression of several target genes, including alter-
native NF-κB-speciﬁc CXCL13 and other NF-κB target genes
(CXCL10, CCL2 or CCL20) that could be linked to active alter-
native NF-κB signalling.12 17 Interestingly, some of these chemo-
kines have been reported to be upregulated in stomachs of H.
pylori-infected subjects.18–21 However, the upstream events
leading to the secretion of these chemokines during H. pylori
infection are still mostly uncharacterised.
The LT system (LT/LIGHT and LTβR) is crucial for formation
and maintenance of tertiary lymphoid organs (TLOs), thereby
contributing to cancer development in several tissues.22–25
However, the role of LTβR signalling in H. pylori-driven gastri-
tis and progression to GC remained unknown. Here, we
provide evidence that LTβR signalling is essential in executing
H. pylori-induced chronic inﬂammation, a precursor of gastric
carcinogenesis.
MATERIAL AND METHODS
Cell culture and H. pylori strains
AGS, Kato III and SNU-1 (American Type Culture Collection
(ATCC)), AZ521 ( Japanese Collection of Research Biosources),
St3051 and St2957, NUGC-4 and MKN45 were grown in
Dulbecco’s Modiﬁed Eagle Medium (DMEM)/10% fetal calf
serum (FCS) (Gibco).26 Cells were maintained at 37°C in a CO2
atmosphere and routinely tested for Mycoplasma
contamination.
H. pylori strains G27,27 SS1, PMSS128 and P1229 were grown
on Wilkins–Chalgren blood agar plates and maintained under
microaerophilic conditions. G27 isogenic strains G27ΔCagA,
G27ΔCagE, G27ΔCagF and G27ΔCagI, G27ΔBabA, G27ΔSabA,
G27ΔVacA, G27ΔgGT, G27ΔUreA/B, PMSS1ΔCagE30 and P12slt
(kindly provided by Ivo Boneca) were grown in plates contain-
ing either 20 μg/mL of kanamycin or 15 mg/mL of chloram-
phenicol under the same conditions. H. pylori clinical isolates
were obtained from the Städtisches Klinikum München. Two of
the seven clinical isolates were CagA positive (see online supple-
mentary ﬁgure S4B).
Histology and immunohistochemistry
Human gastric tissue samples were obtained from the
parafﬁn-embedded tissue bank of the Institut für Pathologie,
Klinikum Bayreuth Germany, after approval of the local ethics
committee. Patients did not receive antibiotics, nonsteroidal
anti-inﬂammatory drugs (NSAID) or proton pump inhibitor
(PPI) drugs before biopsy. Parafﬁn sections were stained with
H&E or various primary and secondary antibodies (see online
supplementary table S2). Brieﬂy, sections were incubated in
Bond Primary antibody diluent (Leica) and staining was per-
formed on a BOND-MAX immunohistochemistry robot (Leica
Biosystems) using BOND polymer reﬁne detection solution for
diaminobenzidine (DAB). Image acquisition was performed with
a Leica SCN400 slide scanner. The number of cells positively
stained for different markers was determined using
SlidePathTissueIA image analysis software (Leica) on whole
gastric mucosa sections and normalised to tissue area. Pictures
for representation were taken by scanning whole tissue sections
using a Leica SCN400 slide scanner.
Animal experiments
Female C57BL/6 mice (6–8 weeks) were obtained from Harlan
Laboratories (Rossdorf, Germany). All animal studies were con-
ducted in compliance with European guidelines for the care and
use of laboratory animals (licenses 63/2008 and 24/2013 to
AM) and were approved by the Zurich Cantonal Veterinary
Ofﬁce.
The systemic antagonist mLTβR-mIgG1 (LTβR–Ig) and a
control murine monoclonal IgG1 antibody, MOPC-21, were
prepared at Biogen Idec and stored at −80°C until used. One
week prior to infection, mice were injected intraperitoneally
with 100 μg of either substance on day 7 and day 2. On day 0,
2 and 5, mice were infected orogastrically with one dose of 109
colony-forming units (cfu) of the H. pylori strain PMSS1 and
further injected once per week with 100 μg of either LTβR–Ig
or MOPC-21 for 1 month. H. pylori infection was conﬁrmed
by counting cfu from stomach homogenates and efﬁcacy of
LTβR–Ig treatment was conﬁrmed by loss of splenic follicular
dendritic cell (FDC) networks visualised by anti-FDC-M1 stain-
ing. Agonistic activation of the alternative NF-κB signalling
pathway was performed by treating mice twice a week with
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50 mg ACH6 antibody (kindly provided by Dr Jeffrey
Browning/Biogen Idec).
Statistics
Normally distributed data were analysed by one-way analysis of
variance (ANOVA) with Dunnett’s or Bonferroni’s correction
for multiple comparisons or Student’s t test where indicated,
while Mann–Whitney U test or ANOVA Kruskal–Wallis with
Dunn’s comparison test was used to compare not normally dis-
tributed data. Statistical signiﬁcance was deﬁned when p<0.05.
RESULTS
LTβR ligand expression and activation of alternative NF-κB
signalling in H. pylori-induced gastritis and early gastric
tumours
We ﬁrst assessed mRNA expression of several ligands activating
the alternative NF-κB signalling (eg, BAFF, CD40L, LTα, LTβ
and TWEAK). We observed signiﬁcant induction of LTβ mRNA
in H. pylori-induced gastritis (see online supplementary ﬁgure
S1A). Thus, we investigated the identity of putative LTβ-
responsive cells by in situ hybridisation for LTβR in human
gastric tissue samples presenting different degrees of gastric
inﬂammation or early gastric tumours associated with H. pylori
infection (see online supplementary table S1). We observed that
gastric epithelial cells display LTβR mRNA expression that was
not affected by the severity of gastric disease (ﬁgure 1A and see
online supplementary ﬁgure S1B). In the same stomach samples
increased levels of LTβ were corroborated on protein level, pre-
dominantly expressed by inﬂammatory cells (T and B cells) in-
ﬁltrating the gastric mucosa (ﬁgure 1B, C and see online
supplementary ﬁgure S1C). Moreover, we detected LTβ protein
expression in LTβR+ epithelial cells in H. pylori-induced gastri-
tis as well as in gastric tumours (ﬁgure 1C and see online
supplementary ﬁgure S1D), suggesting cell autonomous and
non-autonomous LTβR signalling. Interestingly, LTβ expression
was higher in intestinal-type compared with diffuse-type GCs
(see online supplementary ﬁgure S1E).
Alternative NF-κB signalling activation was assessed by RelB
and p52 nuclear translocation in epithelial cells, which was
higher in gastritis and in gastric tumour samples, when compared
with controls (ﬁgure 1B, D, E and see online supplementary
ﬁgure S1F).
Furthermore, we analysed expression of LTβR downstream
target genes in H. pylori-induced moderate gastritis samples
(ﬁgure 1F). Enhanced expression of CXCL13 and several other
chemokines related to LTβR signalling (CCL17, CCL20, CXCL10
and CCL2) was found in patients with H. pylori-associated gastritis
compared with controls (ﬁgure 1F). Furthermore, increased
expression of A20, an endogenous inhibitor of canonical
NF-κB, corroborated concomitant canonical NF-κB signalling
activation in H. pylori infection.
H. pylori activates LTβR signalling and alternative NF-κB in
human GC cells
To investigate whether H. pylori activates LTβR signalling in
gastric epithelial cells and to deﬁne the molecular mechanisms
involved, we initially characterised a panel of human GC cell
lines. Except AZ521, all cell lines analysed expressed LTβR (see
online supplementary ﬁgure S2A). Interestingly, constitutive
p100 processing was detected in some cell lines including
AZ521 and NUGC-4 (see online supplementary ﬁgure S2B).
Constitutive activation of alternative NF-κB signalling was not
LTβR-ligand dependent, since under basal conditions none of
the cell lines studied expressed LTα, LTβ or LIGHT (see online
supplementary ﬁgure S2C). In parallel, we also analysed canon-
ical NF-κB signalling. All GC cell lines analysed expressed
TNFR1 at different levels, while canonical NF-κB activation—
examined by pRelA—was observed in most of the cell lines
independently of basal expression of TNFα (see online supple-
mentary ﬁgure S2C,D). Based on these results, we selected the
cell lines MKN45 and St3051, which express LTβR at different
levels but lack constitutive activation of the alternative NF-κB
pathway, for further experiments.
We ﬁrst infected these GC cell lines with the H. pylori strain
G27 at different multiplicity of infection (MOI) for 12 h. H.
pylori stimulation at low MOI (2–10) resulted in dose-
dependent induction of p100 expression and cleavage to p52
(ﬁgure 2A and see online supplementary ﬁgure S2E). At higher
infectious doses (MOI 20–50) we found a reduction in p100
processing, which we observed to be a consequence of cell
death occurring at high MOI (data not shown). Thus, we
selected MOI 10 for further investigations. As expected, H.
pylori infection also resulted in a dose-dependent phosphoryl-
ation of p65 (see online supplementary ﬁgure S2F), demonstrat-
ing activation of canonical NF-κB.
We next examined the kinetics of alternative NF-κB signalling
activation in a time course study. p100 expression was upregu-
lated 6 h post-infection, while its processing was apparent earli-
est after 8 h (ﬁgure 2B and see online supplementary ﬁgure
S2G), reaching a plateau of p52 at 10 h, which was maintained
even at 24 h post-infection. Using different clinical H. pylori iso-
lates we conﬁrmed p100 processing (ﬁgure 2C).
We further investigated whether p100 processing to p52 cor-
related with LTβR-ligand expression. We detected LT mRNA
upregulation already 3 h post-infection (ﬁgure 2D), which was
approximately 4–5 h before ﬁrst signs of p100 processing
(ﬁgure 2B). Notably, expression of LTβ was induced at a much
higher level when compared with LTα in both cell lines, while
LTβR expression did not change (see online supplementary
ﬁgure S2H).
Next, we analysed the expression of different chemokines
regulated by LTβR signalling at 12 h post-infection. Similar to
results obtained from patients, signiﬁcant induction of
CXCL13, CXCL10 and CCL20 in response to H. pylori infec-
tion was found in GC cells (ﬁgure 2E and see online
supplementary ﬁgure S2I). A20 levels were also signiﬁcantly
enhanced (ﬁgure 2E and see online supplementary ﬁgure S2I).
H. pylori-induced LTβR ligand upregulation activates
alternative NF-κB in a secondary loop post-infection
H. pylori can interact with host receptors, for example,
MUC5AC31 or TNFR1,32 which prompted us to investigate
whether H. pylori directly interacted with the LTβR and trig-
gered downstream signalling. However, no interaction between
LTβR and H. pylori was detected via immunoprecipitation (see
online supplementary ﬁgure S3A).
As H. pylori-induced LT expression precedes p100 processing
(shown in ﬁgure 2B, D), we hypothesised that LTs might activate
LTβR signalling in a secondary loop post-infection. Thus, we
scavenged LTα1β2 and LIGHT using an LTβR–Ig fusion protein.
LTβR–Ig treatment during H. pylori infection did not affect LTα
and LTβ mRNA levels (see online supplementary ﬁgure S3B and
data not shown). However, LTβR–Ig treatment suppressed p100
processing, whereas the isotype control MOPC-21 did not
(ﬁgure 3A). This suggests that LTβR ligands induce activation of
LTβR signalling in response to H. pylori infection.
LT expression can be regulated by canonical NF-κB.33
Therefore, we analysed whether this pathway also regulates LT
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Figure 1 Lymphotoxin β receptor (LTβR) signalling is activated in Helicobacter pylori-induced gastritis and gastric tumours. (A) LTβR mRNA
expression detected in human normal gastric mucosa, in mild, moderate and severe gastritis caused by H. pylori infection, as well as in early gastric
adenocarcinomas detected by in situ hybridisation. (B) Representative images of LTβ and RelB expression in human gastric tissue samples detected
by immunohistochemistry. Arrowheads indicate RelB nuclear expression in epithelial cells. Arrows denote expression in immune cells. (C)
Quantiﬁcation of LTβ+ cells (median and minimum to maximum values) in human normal gastric mucosa (n=20), mild (n=26), moderate (n=24) and
severe gastritis (n=17), as well as in early gastric adenocarcinoma (n=23) tissue samples. (D) Representative image of RelB expression in gastric
tumours detected by immunohistochemistry. Arrows indicate RelB+ nuclei. (E) Representative images of p52 expression in human gastric samples.
Arrowheads indicate p52 nuclear expression in epithelial cells. Arrows denote expression in immune cells. (F) Whiskers (median and minimum to
maximum) box plots show relative mRNA levels of CXCL13, CCL17, CXCL10, CCL20, CCL2 and A20 detected in human normal gastric mucosa
(n=11) and H. pylori-induced gastritis (n=11). *p≤0.05, **p≤0.01, ***p≤0.001. (analysis of variance Kruskal–Wallis, Dunn’s multiple comparison
test.)
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expression in GC cells. Upon TNFα stimulation, LTβ expression
was signiﬁcantly induced, while only minor effects were
detected on LTα mRNA levels. As a control, A20 was induced
(see online supplementary ﬁgure S3C). We conﬁrmed regulation
of LTα and LTβ by canonical NF-κB upon H. pylori infection by
using an inhibitor of human IκB kinase 2 (IKK2)
Figure 2 Helicobacter pylori activates alternative NF-κB signalling. (A) MKN45 and St3051 cells were infected with H. pylori G27 strain at the
indicated MOI and p100 processing to p52 was analysed by western blot. The agonist of lymphotoxin β receptor (LTβR) signalling BS-1 (0.5 mg/mL)
was used as positive and β-actin as loading control. One representative blot and band quantiﬁcation showing the ratio between p100 and p52
levels from three independent experiments is shown. OD, optical density (arbitrary units). (B) MKN45 GC cells were infected with H. pylori G27
strain at MOI 10 for different time points and processing of p100 to p52 was analysed by western blot. The agonist BS-1 (0.5 mg/mL for 12 h) was
used as positive control. β-actin was used as loading control. One representative blot is shown. (C) p100 processing to p52 detected by western blot
in MKN45 cells infected with different clinical isolates (I–VII) at MOI 10 for 12 h. One representative of three independent experiments is shown. (D)
mRNA expression levels (mean±SD) of LTα and LTβ upon H. pylori G27 strain infection at MOI 10 for 3 (n=3), 6 (n=4) and 12 h (n=4) in MKN45
and St3051 cells (ANOVA, Dunnett’s multiple comparison test). (E) CXCL13, CXCL10, CCL20 and A20 mRNA expression upon H. pylori G27 strain
infection at MOI 10 for 12 h. The agonist BS-1 (0.5 mg/mL) was used as positive control. Ct values were normalised to Glyceraldehyde-3-phosphate
dehydrogenase (GADPH). Results (mean±SD) from three independent experiments are presented as fold induction. *p≤0.05, ***p≤0.001. (Control
and H. pylori-infected cells were compared using Student’s t test.)
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Figure 3 Activation of lymphotoxin β receptor (LTβR) signalling is induced by secreted LT and LIGHT (homologous to lymphotoxin exhibits
inducible expression and competes with HSV glycoprotein D for binding to herpes virus entry mediator, a receptor expressed on T lymphocytes) in
response to Helicobacter pylori infection. (A) MKN45 cells were incubated with LTβR–Ig or the isotype control MOPC21 for 1 h before H. pylori
infection at MOI 10. p100 processing to p52 was evaluated by western blot after 12 h infection. β-actin served as loading control. One
representative blot and quantiﬁcation of three independent experiments (mean±SD) are shown. (B) A20, LTα and LTβ mRNA levels were analysed by
real-time PCR in MKN45 cells after 12 h infection with the H. pylori strain G27 (MOI 10). Cells were incubated with the inhibitor of human IκB
kinase 2 (IKK2) TPCA-1 1 h prior to infection. Ct values were normalised to GADPH. Results expressed as mean±SD from three independent
experiments are shown. (C) MKN45 cells were incubated with TPCA-1 for 1 h before infection with the H. pylori strain G27 (MOI 10). Cell lysates
were obtained after 12 h infection and levels of p100/p52 were assessed by western blot. β-actin was used as loading control. One representative
blot and quantiﬁcation (mean±SD) of three independent experiments are shown. (D) LIGHT mRNA expression levels after infection of MKN45 cells
with the H. pylori strain G27 at MOI 10 for 12 h. Cells were incubated with TPCA-1 for 1 h before infection. Results (mean±SD) from three
independent experiments are shown. (E) CXCL13 and CCL22 mRNA levels in MKN45 cells infected with H. pylori G27 (MOI 10, 12 h). Where
indicated, cells were incubated with TPCA-1 1 h before infection. Ct values were normalised to GADPH. Results (mean±SD) from three independent
experiments are shown. (F) Whiskers (median and minimum to maximum) box plot showing relative mRNA levels of LIGHT in gastric H.
pylori-induced and H. pylori-negative gastritis (n=11). (G) Representative images of LIGHT expression in human gastric tissue samples detected by
immunohistochemistry. Arrows indicate positive cells. *p≤0.05, **p≤0.01, ***p≤0.001. ((A–E) analysis of variance (ANOVA), Bonferroni’s multiple
comparison test; (F) ANOVA Kruskal–Wallis, Dunn’s multiple comparison test.)
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[5-(p-Fluorophenyl)-2-ureido]thiophene-3-carboxamide (see online
supplementary ﬁgure S3D). Reduced levels of A20 were
detected after TPCA-1 treatment (ﬁgure 3B), while the expres-
sion of LTα was slightly affected. Remarkably, LTβ levels were
signiﬁcantly reduced (ﬁgure 3B), conﬁrming that LTβ expression
is regulated by canonical NF-κB in gastric cells. When assessing
p100 processing we observed lower levels of p100 in the pres-
ence of TPCA-1 (ﬁgure 3C and see online supplementary ﬁgure
S3E). Remarkably, cleavage of p100 to p52 was still found to a
similar extent when compared with untreated controls, suggest-
ing a canonical NF-κB-independent LTβR ligand to drive p100
processing in the absence of LTs.
Besides LTs, LIGHTwas reported to activate LTβR. Therefore,
we studied LIGHTexpression in gastric cells post-H. pylori chal-
lenge. While no or minor upregulation was detected after activa-
tion of canonical NF-κB using TNFα (see online supplementary
ﬁgure S3C), we observed induction of LIGHT expression upon
H. pylori infection (ﬁgure 3D), which was even further
enhanced when blocking canonical NF-κB by TPCA-1.
Likewise, expression of the LTβR signalling-speciﬁc target gene
CXCL13 was increased when blocking canonical NF-κB (ﬁgure
3E), while expression of the canonical pathway target CCL22
was completely abrogated (ﬁgure 3E). This suggests that canon-
ical NF-κB negatively regulates LTβR activation through repres-
sing LIGHT in H. pylori infection. Notably, expression of other
TNFSF ligands such as BAFF or CD40L was not detected,
neither under basal conditions nor after H. pylori infection or
TPCA-1 treatment in GC cells (data not shown). In line, the
expression of TWEAK was not upregulated upon bacterial infec-
tion or inhibition of canonical NF-κB (see online supplementary
ﬁgure S3F), supporting the fact that LIGHT may be responsible
for inducing p100 processing after blocking canonical NF-κB
pathway. In parallel, H. pylori-triggered upregulation of LIGHT
mRNA expression was conﬁrmed in human gastric biopsies with
moderate gastritis (ﬁgure 3F). LIGHT protein expression was
mainly increased in epithelial cells of human gastric tissue
samples presenting different degrees of gastric inﬂammation and
in early gastric tumours associated with H. pylori infection
(ﬁgure 3G).
H. pylori cagPAI but not CagA is required for LTβR-mediated
activation of alternative NF-κB
To determine whether the expression of LTs and subsequent
activation of LTβR signalling was inﬂuenced by H. pylori viru-
lence factors, we infected epithelial cells with different mutant
strains. A functional T4SS was necessary to induce LT expres-
sion, since cells infected with the mutant strain G27ΔCagE
expressed lower levels of LT compared with cells infected with
the wild-type strain (ﬁgure 4A). Notably, LIGHT expression did
not depend on a functional T4SS, conﬁrming canonical
NF-κB-independent regulation of LIGHT (see online supple-
mentary ﬁgure S4A).
When analysing p100 processing, we observed that lack of
CagA left p100 levels and p100 cleavage unaltered, while
Figure 4 Activation of alternative NF-κB is independent of CagA. (A) mRNA expression levels of lymphotoxin (LT)α and LTβ in MKN45 and St3051
cells after infection with wild-type Helicobacter pylori G27 strain and the isogenic mutant strains G27ΔCagA and G27ΔCagE. Ct values were
normalised to GADPH. Results (mean±SD) from four independent experiments are shown (analysis of variance, Bonferroni’s multiple comparison
test). (B) MKN45 cells were infected with the H. pylori wild-type strains G27, PMSS1 and SS1 and the G27 isogenic mutant strains G27ΔCagA,
G27ΔCagE, G27ΔBabA, G27ΔSabA, G27ΔVacA, G27ΔgGT and G27ΔUreA/B at MOI 10 for 12 h. p100 processing to p52 was detected by western
blot. β-actin was used as loading control. One representative blot and quantiﬁcation of three independent experiments is shown. *p≤0.05,
**p≤0.01, ***p≤0.001. (G27 wt and G27ΔCagE-infected cells were compared using Student’s t test.)
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bacteria devoid of functional cagPAI (SS1, G27ΔCagE,
G27ΔCagF, G27ΔCagI) did not induce p100 expression and
processing (ﬁgure 4B, see online supplementary ﬁgure S4B, C).
In line, clinical isolates lacking CagA induced p100 processing
(ﬁgure 2E and see online supplementary ﬁgure S4D). Thus,
CagA is not necessary for LT-mediated activation of alternative
NF-κB signalling in gastric cells.
Another described H. pylori effector molecule translocated
into target host cells through the T4SS is peptidoglycan.34 To
determine whether peptidoglycan could be involved in
LT-mediated activation of alternative NF-κB, we infected cells
with a strain deﬁcient in lytic transglycosylase activity (P12slt),
which is involved in bacterial muropeptide release. Processing of
p100 to p52 was reduced in cells infected with the slt-deﬁcient
strain (see online supplementary ﬁgure S4E), suggesting that
peptidoglycan may be involved in activation of alternative
NF-κB.
A functional T4SS is necessary to induce ligand expression
and alternative NF-κB activation in vivo
In order to validate our results in vivo, C57BL/6 mice were
infected with the pathogenic H. pylori strain PMSS128 30 and
analysed for LTα, LTβ and LIGHT mRNA expression. One
month post-infection, mice presented signiﬁcantly increased
gastric levels of all LTβR ligands (ﬁgure 5A), conﬁrming a cor-
relation between H. pylori infection and LT/LIGHTupregulation
in vivo. Since our in vitro data suggested the involvement of a
functional T4SS in alternative NF-κB activation, we also
infected mice with PMSS1 strain deﬁcient for CagE. mRNA
levels of LTα, LTβ and LIGHTwere lower in mice infected with
H. pylori PMSS1ΔCagE when compared with mice infected
with the wild-type strain (ﬁgure 5B), even though they were
colonised at higher levels (ﬁgure 5C). In addition, mice infected
with CagE-deﬁcient bacteria showed less gastric inﬂammation
(ﬁgure 5D), as previously reported.30 Speciﬁcally, lower inﬁltra-
tion of T and B cells was detected in the stomach of mice
infected with PMSS1ΔCagE when compared with mice infected
with wild-type bacteria (ﬁgure 5E). Infection of mice with wild-
type PMSS1 induced activation of alternative NF-κB in gastric
epithelial cells, as detected by nuclear translocation of RelB
(ﬁgure 5E). Notably, lack of CagE correlated with reduced
nuclear RelB translocation, conﬁrming that activation of alterna-
tive NF-κB signalling by H. pylori requires a functional T4SS.
Moreover, the expression of canonical as well as alternative
NF-κB signalling target genes such as A20, murine IL-8 homo-
logue KC, CXCL13, CXCL10, CCL2 and CCL20 was reduced
in the gastric mucosa of mice infected with bacteria deﬁcient for
CagE (ﬁgure 5F).
Blocking LTβR signalling in vivo reduces H. pylori-induced
gastric inﬂammation
We next assessed whether LTβR signalling is correlatively or
causally linked with gastric inﬂammation and pathology trig-
gered by H. pylori in vivo. Thus, we treated H. pylori-infected
mice with LTβR–Ig (see online supplementary ﬁgure S5A) to
study the effects of blocking LTβR signalling on bacterial colon-
isation and gastric inﬂammation induced by H. pylori. Efﬁcacy
of LTβR–Ig treatment was conﬁrmed by staining
LTβR-dependent FDCs in spleen25 (see online supplementary
ﬁgure S5B). Interestingly, LTβR–Ig-treated mice presented a
higher gastric bacterial load when compared with
MOPC-21-injected mice (ﬁgure 6A), suggesting that LTβR sig-
nalling is important to control bacterial burden. Higher H.
pylori colonisation was accompanied by less gastric
inﬂammation (ﬁgure 6B), indicating that LTβR signalling is an
important driver of gastric pathology induced by the bacterium.
Remarkably, LTβR–Ig-injected mice displayed less CD3+ and
CD4+ cells inﬁltrating the stomach (ﬁgure 6C and see online
supplementary ﬁgure S5C). In addition, less B220+ cells were
detected upon LTβR–Ig treatment in the gastric mucosa of
infected mice (ﬁgure 6C), demonstrating a reduced inﬂamma-
tory response after blocking LTβR signalling. Moreover, mice
treated with LTβR–Ig presented lower nuclear translocation of
RelB in gastric epithelial cells (ﬁgure 6C), conﬁrming treatment
efﬁcacy.
We further assessed whether blocking LTβR signalling upon
H. pylori infection altered the expression levels of several che-
mokines. We observed decreased levels of KC, CXCL10,
CCL20 and CCL2 in the stomach of mice injected with LTβR–
Ig (ﬁgure 6D), correlating with the lower inﬂammation found in
the gastric mucosa.
Activation of LTβR signalling enhances gastric pathology
induced by H. pylori
We next determined the effect of enhanced LTβR signalling
during H. pylori infection. We injected H. pylori-infected mice
with ACH6, a murine agonist of LTβR35 (ﬁgure 7 and see online
supplementary ﬁgure S5A). ACH6-triggered activation of LTβR
led to a decrease in gastric bacterial load (ﬁgure 7A), accompan-
ied by higher gastric inﬂammation (ﬁgure 7B). We observed
slightly lower levels of CD3+ cells in H. pylori-infected animals
treated with the agonist (ﬁgure 7C), while no major differences
were detected in CD4+ or F480+ macrophages (see online sup-
plementary ﬁgure S6A). Interestingly, animals treated with the
agonist presented more B cells than infected control mice (see
online supplementary ﬁgure S6B). In line, the expression of
CXCL13 was enhanced in mice injected with ACH6 (ﬁgure 7D).
We also observed increased expression of the LTβR target genes
LIGHT, ICAM—involved in leucocyte recruitment—and CCL2
(ﬁgure 7D), while KC and CCL20 levels remained unchanged
(see online supplementary ﬁgure S6C).
DISCUSSION
Activation of LTβR triggers and maintains TLOs during chronic
infection.36 Notably, lymphoid neogenesis and TLO formation
were reported as a histological hallmark of chronic H. pylori
infection,37–39 suggesting a possible role of the LTβR signalling
pathway in H. pylori-driven pathology.
The involvement of NIK in H. pylori-induced NF-κB activa-
tion was reported in gastric epithelial cells,40 41 and p100/p52
processing upon H. pylori infection was reported in B lympho-
cytes.42 However, in the latter study, activation of alternative
NF-κB reﬂected by p100 processing was not found in the GC
cell line AGS. In addition, p100/p52 staining of human gastric
samples from H. pylori-infected subjects showed only cytoplas-
mic staining that was weaker compared with inﬁltrating lympho-
cytes, leading to the conclusion that the alternative NF-κB
pathway was not activated in epithelial cells upon H. pylori
infection. In our study, we have detected p100 processing in dif-
ferent human gastric cell lines. Importantly, activation of the
alternative NF-κB pathway was corroborated in epithelial and
immune cells in gastritis and gastric tumour samples from H.
pylori-infected patients. Likewise, mice infected with H. pylori
showed increased nuclear translocation of RelB in gastric epithe-
lial cells, demonstrating that H. pylori activates alternative
NF-κB in vitro and in vivo.
Canonical and alternative NF-κB signalling are closely related
and crosstalk at different levels, for example, expression of
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Figure 5 Helicobacter pylori activates alternative NF-κB in vivo in a type IV secretion system (T4SS)-dependent manner. (A) Lymphotoxin (LT)α,
LTβ and LIGHT (homologous to lymphotoxin exhibits inducible expression and competes with HSV glycoprotein D for binding to herpes virus entry
mediator, a receptor expressed on T lymphocytes) mRNA levels in mice infected for 1 month with the H. pylori strain PMSS1. Ct values were
normalised to GADPH. (B–F) Mice were infected for 1 month with the H. pylori strain PMSS1 or an isogenic strain lacking CagE. (B) LTα, LTβ and
LIGHT mRNA levels in infected mice. Ct values were normalised to GADPH. (C) Colony-forming units (cfu) per mg of stomach. (D) Inﬂammatory
score. Activity and chronicity of infection was evaluated in antrum and corpus of murine stomach samples according to the updated Sydney system.
(E) Murine stomach samples were stained for CD3, B220 and RelB by immunohistochemistry. Representative pictures are shown. CD3+ and B220+
cells and RelB+ nuclei were calculated per area of tissue (mm2). (F) Relative mRNA expression levels of A20, KC, CXCL13, CXCL10, CCL20 and CCL2
in the stomach of H. pylori-infected mice. Ct values were normalised to GADPH. *p≤0.05, **p≤0.01, ***p≤0.001. ((A), (B) and (F) (Mann–Whitney
U test); (E) analysis of variance Kruskal–Wallis, Dunn’s multiple comparison test.)
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p100 and LTβ, have been reported to be regulated by canonical
NF-κB.33 43–45 In line, we detected enhanced expression of
p100 and LTs upon H. pylori infection, which was reduced
when activation of canonical NF-κB was blocked. However,
p100 processing was still observed, indicating that p100 overex-
pression is insufﬁcient to induce its processing.46 It rather
Figure 6 Blocking of lymphotoxin β receptor (LTβR) signalling during Helicobacter pylori infection reduces gastric inﬂammation. (A–D) C57BL/6
mice infected with the H. pylori strain PMSS1 were injected weekly with 100 mg of LTβR–Ig or the isotype control MOPC-21 (Control–Ig). Mice were
sacriﬁced after 1-month infection. Dots represent data of individual mice pooled from two independent experiments. (A) Colony-forming units (cfu)
per mg of stomach. (B) Inﬂammatory score. Activity and chronicity of infection was evaluated in antrum and corpus of murine stomach samples
according to the updated Sydney system. (C) Murine stomach samples were stained for CD3, B220 and RelB by immunohistochemistry.
Representative pictures are shown. CD3+ and B220+ cells and RelB+ nuclei were calculated per area of tissue (mm2). (D) Relative mRNA expression
levels of KC, CXCL10, CCL20 and CCL2 in the stomach of control or H. pylori-infected mice treated with LTβR–Ig or MOPC-21. Ct values were
normalised to GADPH. *p≤0.05, **p≤0.01, ***p≤0.001. (analysis of variance Kruskal–Wallis, Dunn’s multiple comparison test.)
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necessitates a speciﬁc activation by LTs through LTβR upon
infection. Further, p100 processing upon canonical NF-κB
blockade implied another canonical NF-κB-independent, LTβR
ligand to trigger this pathway, which we found to be LIGHT. In
contrast, treatment with LTβR–Ig, which scavenges all LTβR
ligands, fully disables alternative NF-κB signalling. Therefore,
our results demonstrate a tight crosstalk between canonical and
alternative pathway during H. pylori infection, since activation
of canonical NF-κB regulates the expression of ligands import-
ant for activation of the alternative pathway.
We observed that the T4SS played a crucial role in controlling
the expression of LTs and subsequent activation of LTβR signal-
ling in vitro and in vivo, whereas the presence of CagA was dis-
pensable. These results are in agreement with previous reports
Figure 7 Agonistic activation of lymphotoxin β receptor (LTβR) signalling during Helicobacter pylori infection increases gastric inﬂammation. (A–D)
C57BL/6 mice infected with the H. pylori strain PMSS1 were injected weekly with 50 mg of the agonist of LTβR signalling ACH6. Mice were
sacriﬁced after 1-month infection. Horizontal bars indicate medians. (A) Colony-forming units (cfu) per mg of stomach. (B) Gastric inﬂammatory
score evaluated according to the updated Sydney system. (C) Representative pictures of murine stomach samples stained for CD3, B220 and RelB.
CD3+ and B220+ cells and RelB+ nuclei were calculated per area of tissue (mm2). (D) Relative mRNA expression levels of CXCL13, ICAM, CCL2 and
LIGHT (homologous to lymphotoxin exhibits inducible expression and competes with HSV glycoprotein D for binding to herpes virus entry mediator,
a receptor expressed on T lymphocytes) in stomach samples. Ct values were normalised to GADPH. *p≤0.05, **p≤0.01, ***p≤0.001. ((A) (Mann–
Whitney U test); (B–D) analysis of variance Kruskal–Wallis, Dunn’s multiple comparison test.)
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showing that H. pylori CagA-deﬁcient but T4SS-proﬁcient
strains induce NF-κB activation almost as efﬁciently as wild-type
bacteria,5 47 while the exact mechanism of T4SS-dependent
NF-κB activation is not fully understood.48 The presence of
CagA has been linked to more severe gastric pathology in
Western countries,49 yet, our results using CagA-negative H.
pylori isolates indicate that important inﬂammatory signalling
cascades, such as alternative NF-κB, can still be activated and
contribute to gastric inﬂammation in the absence of CagA.
Our in vivo experiments blocking or activating LTβR signal-
ling in mice during H. pylori infection showed an important
role for this pathway in the control of the inﬂammatory
response towards the bacterium. Reduction of chemokine
expression in the stomach of LTβR-treated animals conﬁrmed
LTβR inhibition at the site of infection. Depletion of FDCs and
secondary lymphoid organs was observed, suggesting an add-
itional systemic extra-gastric effect. However, our experiments
using the agonist of LTβR (ACH6) refute this possibility, since
no effects on FDCs or lymph nodes have been reported with
this antibody,35 but we still observed a reversed gastric pheno-
type (reduced bacterial load and increased gastric inﬂammation)
compared with LTβR inhibition.
Previous studies using transgenic mouse models suggested the
involvement of alternative NF-κB in gastric pathology: Knockout
mice lacking the terminal ankyrin domain of NF-κB2 and consti-
tutively expressing NF-κB2/p52 presented gastric hyperplasia in
the absence of Helicobacter infection.50 In line, infection experi-
ments of Nfkb2−/− mice suggested NF-κB2-mediated signalling to
be required for the development of H. felis-induced gastric path-
ology.51 However, the speciﬁc pathways upstream of NF-κB2
remained elusive. Our in vivo studies using human pathogenic
H. pylori reveal an essential function of LTβR signalling in
gastric pathology upstream of NF-κB2.
Taken together, our data indicate that both NF-κB pathways
are activated in the course of H. pylori infection. Our in vitro
data show that activation of the canonical NF-κB signalling pre-
cedes alternative NF-κB, regulating a feed-forward loop through
induction of LT expression (see online supplementary ﬁgure
S7A). Ligand engagement to LTβR expressed on epithelial cells
triggers p100/p52 processing and subsequent activation of the
expression of chemokines important for immune cell recruit-
ment (CXCL13, CXCL10 and CCL20). Recruitment of inﬂam-
matory cells (CD4+ T cells and B cells) to the stomach, which in
turn also express LTs and LIGHT, leads to a feedback loop, main-
taining H. pylori-induced gastric inﬂammation (see online supple-
mentary ﬁgure S7B). This is conﬁrmed by our observations in
human gastric tissue, where expression of LTs and target genes is
linked to the severity of the lesions in the presence of H. pylori.
Different studies have suggested inhibition of canonical
NF-κB as a therapeutic strategy to reduce H. pylori-triggered
gastric inﬂammation. Natural substances as capsaicin,52 antiulcer
drugs as ecabet sodium53 or probiotics54 have been proven to
inhibit in vitro NF-κB and IL-8 secretion in gastric epithelial
cells. Moreover, inhibition of IKK2 in Mongolian gerbils was
related to a reduced inﬁltration of neutrophils and mononuclear
cells in the stomach, while no differences in bacterial load were
detected,55 suggesting that inhibition of canonical NF-κB was
not sufﬁcient to control the infection in this model. In light of
our results showing that blocking of canonical NF-κB reduces
LT expression but induces LIGHT and CXCL13 upregulation
upon H. pylori challenge, it is tempting to speculate that inhib-
ition of canonical NF-κB might indeed not represent the best
therapeutic option to reduce gastric inﬂammation and pathology
elicited by H. pylori. On the contrary, it might imply other
adverse effects that have not been considered until now, such as
activation of LTβR signalling through LIGHT and concomitant
exacerbation of inﬂammation.
This, in context with the self-sustaining inﬂammatory alterna-
tive NF-κB signalling loop, may aggravate the deleterious
inﬂammatory effects induced by chronic H. pylori infection,
especially in patients presenting with a high degree of gastritis.
Having observed that blocking of LTβR signalling during H.
pylori infection in mice reduces gastric inﬂammation and inﬁl-
tration of inﬂammatory cells, we propose that such strategy
could be considered as a supplement after antibiotic treatment
or concomitant with inhibition of canonical NF-κB signalling.
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Supplementary Figure Legends 
Supplementary Figure 1. LTβR signaling is activated in H. pylori-induced gastritis and 
gastric tumors.  
(A) Whiskers (minimum to maximum) box plots show relative mRNA levels of LTα, LTβ, 
CD40L, TWEAK, BAFF in healthy human gastric mucosa and H. pylori-induced gastritis. 
Data from 12 (LTα and LTβ) or 6 (CD40L, TWEAK, BAFF) tissue samples of each condition 
are shown. Significances were calculated using Student’s t test. ***p≤0.001. (B) Negative 
(DapB) and positive controls (+, Pol2A and ++, UBC) used for LTβR in situ hybridization. (C) 
T cells (CD3), B cells (CD20) and macrophages (CD68) detected by immunohistochemistry 
in normal gastric mucosa, mild, moderate and severe gastritis as well as in tumor-associated 
gastritis. Representative images are shown. (D) Representative images of LTβ expression in 
human normal gastric mucosa, mild, moderate and severe gastritis as well as in early gastric 
adenocarcinoma biopsy samples, detected by immunohistochemistry. Thick arrows indicate 
expression of LTβ in epithelial cells. Thin arrows show expression of LTβ in immune cells. 
(Scale bar: 100µm). (E) Quantification of LTβ+ cells in intestinal-type and diffuse-type tumors. 
(F) RelB+ and p52+ cells in human normal gastric mucosa, mild, moderate and severe 
gastritis as well as in early gastric adenocarcinoma biopsy samples (n=10, each). *p≤0.05, 
**p≤0.01, ***p≤0.001. One-way ANOVA with Bonferroni’s multiple comparison test 
Supplementary Figure 2. H. pylori activates LTβR signaling. 
(A) LTβR expression on the surface of MKN45, KATOIII and St3051 GC cells detected by 
flow cytometry. HepG2 and HEK293 cells were used as positive and negative control, 
respectively. One representative experiment is shown. (B) p100/p52 basal protein expression 
levels in GC cell lines analyzed by western blot. β-actin served as loading control. (C) LTβR, 
TNFR1, TNFα, LTα, LTβ and LIGHT mRNA basal expression levels in gastric cancer cell 
lines. HepG2 or cells treated with the agonist of LTβR signaling BS-1 (0.5 µg/ml) were used 
as positive controls. Results (mean ± S.D.) of two independent experiments performed in 
duplicates are shown. (D) p-p65 and p65 basal protein expression levels in gastric cancer 
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cell lines analyzed by western blot. β-actin served as loading control. (E) St3051 cells were 
infected with H. pylori G27 at different MOI and p100 processing to p52 was detected by 
western blot. BS-1 (0.5 µg/ml) was used as a positive control. β-actin served as loading 
control. One representative blot of three independent experiments is shown. (F) MKN45 and 
St3051 cell were infected with H. pylori G27 strain at the indicated MOI and p-p65 and p65 
levels were analyzed by western blot. β-actin was used as loading control. One 
representative blot from three independent experiments is shown. (G) p100 and p52 levels in 
MKN45 and St3051 cells detected by western blot after infection with H. pylori G27 at MOI 
10 for different time points. BS-1 (0.5 µg/ml) was used as a positive control. β-actin served as 
loading control. (H) Gastric cancer cells MKN45 and St3051 were infected with H. pylori G27 
at MOI 10 for 12 hours. The mRNA expression levels of LTβR were analyzed by real time 
PCR. Ct values were normalized to GADPH. Results (mean ± S.D.) of three independent 
experiments are presented as fold induction. Significances were calculated using One-way 
ANOVA with Bonferroni’s multiple comparison test. (I) St3051 cells were infected with H. 
pylori G27 at MOI 10 for 12 hours. The mRNA expression levels of CXCL13, CXCL10, 
CCL20 and A20 were analyzed by real time PCR. Ct values were normalized to GADPH. BS-
1 (0.5 µg/ml) was used as a positive control. Results (mean ± S.D.) from three independent 
experiments are presented as fold induction. Control cells were compared to H. pylori-
infected cells and significances were calculated using Student’s t-test. *p≤0.05, **p≤0.01, 
***p≤0.001.  
Supplementary Figure 3. Activation of LTβR signaling is induced by secreted LT in 
response to H. pylori infection.  
(A) MKN45 cells were infected with G27 H. pylori strain for 3 hours and lysates were 
immunoprecipitated with anti-LTβR or anti-CagA antibodies. Irrelevant rabbit IgG were used 
as control. Immunoprecipitates were subjected to western blot for detection of H. pylori 
proteins. (B) MKN45 cells were incubated LTβR-Ig one hour prior to H. pylori infection. LTβ 
mRNA levels were measured after 12 hours infection. Values were normalized to GADPH. 
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Results (mean ± S.D.) of three independent experiments are shown. p values were 
calculated using One-way ANOVA with Bonferroni’s multiple comparison test. (C) LTα, LTβ, 
A20 and LIGHT mRNA expression levels in MKN45 cells after stimulation with 10ng/ml of 
TNFα for 12h. Values were normalized to GADPH. Results (mean ± S.D.) of three 
independent experiments are shown. p values were calculated using Student’s t-test. 
*p≤0.05. (D) MKN45 and St3051 cells were incubated with the inhibitor of human IțB Ninase 
2 (IKK2) TPCA-1 to block canonical NF-țB signaling. Cells were stimulated with 50ng/ml of 
TNFα or the LTβR agonist BS-1 (0.5µg/ml) where indicated. Cell lysates were obtained after 
12h infection with the H. pylori strain G27 and levels of p-p65 and p65 were assessed by 
western blot. β-actin was used as a loading control. One representative blot and 
quantification from three independent experiments is shown. (E) St3051 cells were incubated 
with TPCA-1 1h prior to infection with the H. pylori strain G27 (MOI 10). Cell lysates were 
obtained after 12h infection and levels of p100p52 were assessed by western blot. β-actin 
served as loading control. One representative blot of three independent experiments is 
shown. (F) TWEAK mRNA expression in MKN45 cells after inhibition of canonical NF-țB 
using TPCA-1. Values were normalized to GADPH. Results from three independent 
experiments are shown (mean ± S.D.).  
Supplementary Figure 4. Activation of non-canonical NF-țB is independent of CagA. 
(A) LIGHT mRNA expression in MKN45 and St3051 cells infected for 12 hours with the H. 
pylori strain G27 and the isogenic CagA and CagE mutants. Values were normalized to 
GADPH. Results from three independent experiments are shown (mean ± S.D.) (B) p100 
processing to p52 detected by western blot in St3051 cells infected for 12 hours with H. pylori 
G27, the isogenic mutant strains G27ΔCagA, G27ΔCagE, G27ΔBabA, G27ΔSabA, 
G27ΔVacA, G27ΔgGT, G27ΔUreA/B or the SS1 and PMSS1 wild type strains at MOI of 10. 
β-actin was used as a loading control. (C) p100 processing to p52 detected by western blot 
in MKN45 cells infected with H. pylori G27 or the isogenic mutant strains G27ΔCagA, 
G27ΔCagE, G27ΔCagF, G27ΔCagI at MOI of 10. β-actin was used as a loading control. (D) 
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Expression of CagA and isocitrate dehydrogenase (ICD), used as a housekeeping gene, 
detected by PCR in different H. pylori clinical isolates. (E) p100 processing to p52 detected 
by western blot in MKN45 cells infected with H. pylori P12 or the peptidoglycan mutant 
P12slt. Quantification of three independent experiments is shown.   
Supplementary Figure 5. BlocNing LTβR during H. pylori infection reduces gastric 
inflammation. 
(A) Time schedule of LTβR-Ig treatment. C5BL6 mice were inMected with 100g of LTβR-Ig 
or the isotype control MOPC-21 at the indicated time points ( ). At day 0, 2 and 5, mice 
were infected with a 109 orogastric dose of the H. pylori strain PMSS1. Mice were sacrificed 
at day 36 for analyses. (B) Immunohistochemical staining of FDC-M1 or CD21/35 in 
cryosections of spleens to detect follicular dendritic cells from MOPC-21 or LTβR-Ig-treated 
mice, infected with H. pylori PMSS1. (C) Representative pictures of CD4 T cells and 
macrophages (F4/80) detected in gastric tissue samples of control, MOPC-21 and LTβR-Ig-
treated mice infected with H. pylori PMSS1. (Scale bar 100µm).  
Supplementary Figure 6. Agonistic activation of LTβR-signaling during H. pylori infection 
increases gastric inflammation. 
(A) Representative pictures of CD4 T cells and macrophages (F4/80) detected in gastric 
tissue samples of control, H. pylori PMSS1-infected and ACH6-treated and PMSS1-infected 
mice. (Scale bar 100µm). (B) B220 positive cells calculated per area of tissue (mm2) in 
untreated and ACH6-treated control mice. Significances were calculated using Student’s t-
test. *p≤0.05. (C) Relative mRNA expression levels of KC and CCL20 in the stomach of 
control, H. pylori-infected mice and H. pylori-infected mice and treated with ACH6. Ct values 
were normalized to GADPH. Statistical significance was calculated by using One-way 
ANOVA Kruskal-Wallis with Dunn’s multiple comparison test. *p≤0.05, **p≤0.01.  
Supplementary Figure 7. Representative model of the alternative NF-țB activation via 
LTβR-activation upon H. pylori infection.  
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(A) H. pylori type IV secretion system-mediated activation of canonical NF-țB induces the 
expression of LTα and LTβ and low levels of LIGHT in gastric epithelial cells. Secreted 
LTα1β2 and LIGHT bind to LTβR expressed on the gastric epithelium leading to activation of 
alternative NF-țB and up-regulation of chemokines such as CXCL13, CCL17, CCL20 or 
CXCL10 in cis and in trans. These chemokines contribute to the recruitment of B and T cells 
and macrophages to the stomach, which once activated in turn secrete LTs (Chiang et al., 
2009) and possibly also LIGHT, enhancing LTβR-activation and chemokine secretion 
resulting in a feed-forward loop driving gastric inflammation. Treatment with LTβR-Ig 
increases bacterial load, while decreasing gastric inflammation and inflammatory chemokine 
expression. Conversely, agonistic activation of LTβR by ACH6 reduces H. pylori colonization, 
but increases gastric inflammation as well as chemokine expression. (B) Inhibition of 
canoncical NF-țB during H. pylori infection enhances the expression of LIGHT and strongly 
reduces LTβ expression. 8nder these conditions, LIGHT can signal through LTβR activating 
the expression of target chemokines such as CXCL13, leading to a positive feed-forward 
loop sustaining gastric inflammation.  
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^uŵŵary 
aĐŬŐroƵŶĚ  
Food allergǇ is aŶ iŶĐreasiŶglǇ ĐoŵŵoŶ health proďleŵ iŶ WesterŶ populatioŶs. EpideŵiologiĐal 
studies  haǀe  suggested  ďoth  positiǀe  aŶd  Ŷegatiǀe  assoĐiatioŶs  ďetǁeeŶ  food  allergǇ  aŶd 
iŶfeĐtioŶ ǁith the gastriĐ ďaĐteriuŵ HeliĐoďaĐter pylori.  
KďũeĐtiǀe  
The oďũeĐtiǀe of this ǁork ǁas to iŶǀestigate ǁhether eǆperiŵeŶtal iŶfeĐtioŶ ǁith H. pylori, or 
prophǇlaĐtiĐ treatŵeŶt ǁith H. pyloriͲderiǀed iŵŵuŶoŵodulatorǇ ŵoleĐules, affeĐts the oŶset 
aŶd seǀeritǇ of food allergǇ, either positiǀelǇ or ŶegatiǀelǇ. 
DetŚoĚƐ 
We iŶfeĐted ŶeoŶatal ŵiĐe ǁith H. pylori or treated aŶiŵals ǁith H. pylori ĐoŵpoŶeŶts ;ďaĐterial 
lǇsate or the iŵŵuŶoŵodulator saĐAͿ aŶd suďseƋueŶtlǇ suďũeĐted theŵ to oŶe of three differeŶt 
protoĐols for food allergǇ  iŶduĐtioŶ, usiŶg either oǀalďuŵiŶ or peaŶut eǆtraĐt as allergeŶs for 
seŶsitizatioŶ aŶd ĐhalleŶge. Readouts  iŶĐluded aŶaphǇlaǆis sĐoriŶg, ƋuaŶtifiĐatioŶ of allergeŶͲ
speĐifiĐ seruŵ IgE aŶd IgGϭ aŶd of the ŵast Đell protease MCWTϭ, as ǁell as spleŶiĐ TͲhelperͲϮ 
ĐellͲderiǀed  ĐǇtokiŶe  produĐtioŶ. MeseŶteriĐ  lǇŵph Ŷode CDϰ+FoǆWϯ+  regulatorǇ  TͲĐells ǁere 
suďũeĐted to DEA ŵethǇlatioŶ aŶalǇses of the TregͲspeĐifiĐ deŵethǇlated regioŶ ;TSDRͿ ǁithiŶ 
the &KyWϯ loĐus.  
ZeƐƵltƐ  
MiĐe that had ďeeŶ iŶfeĐted ǁith H. pylori or treated ǁith H. pyloriͲderiǀed iŵŵuŶoŵodulators 
ǁere proteĐted agaiŶst aŶaphǇlaǆis iŶduĐed ďǇ allergeŶ seŶsitizatioŶ aŶd ĐhalleŶge, irrespeĐtiǀe 
of the allergeŶ used. Most of the iŵŵuŶologiĐ assaǇs ĐoŶfirŵed a proteĐtiǀe effeĐt of H. pylori. 
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CDϰ+FoǆWϯ+  TͲĐells  froŵ  proteĐted ŵiĐe  eǆhiďited  a  staďle  Treg  pheŶotǇpe  ĐharaĐterized  ďǇ 
&KyWϯ TSDR deŵethǇlatioŶ.  
oŶĐlƵƐioŶƐ aŶĚ liŶiĐal ZeleǀaŶĐe  
H. pylori ĐoŶfers proteĐtioŶ agaiŶst oǀalďuŵiŶ aŶd peaŶut allergǇ aŶd affeĐts the epigeŶoŵe of 
TͲĐells, thereďǇ proŵotiŶg staďle Treg differeŶtiatioŶ aŶd fuŶĐtioŶalitǇ. WrophǇlaĐtiĐ treatŵeŶt 
ǁith H. pyloriͲderiǀed  iŵŵuŶoŵodulators appears to ďe a proŵisiŶg strategǇ for  food allergǇ 
preǀeŶtioŶ. 
 
<ey ǁords͗ aŶaphǇlaǆis, ďaĐterial iŵŵuŶoŵodulators, epigeŶetiĐs, food allergǇ 
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/ntroduĐtion 
 
Food allergǇ is aŶ iŶĐreasiŶglǇ ĐoŵŵoŶ ĐoŶditioŶ iŶ WesterŶ ĐouŶtries as ǁell as Asia, affeĐtiŶg 
~ϲͲϴ й of ĐhildreŶ aŶd ~ϰ й of adults ΀ϭ, Ϯ΁. It is Đaused ďǇ iŶappropriate TͲĐellͲdriǀeŶ iŵŵuŶe 
respoŶses to harŵless food ĐoŵpoŶeŶts of ŵilk, eggs, peaŶuts, tree Ŷuts, seafood, shellfish, soǇ, 
ǁheat ;the ͞ďig eight͟Ϳ aŶd other foods. Food allergǇ ofteŶ ĐoͲoĐĐurs ǁith other atopiĐ diseases 
suĐh as allergiĐ rhiŶitis aŶd ĐoŶũuŶĐtiǀitis, eĐzeŵa aŶd allergiĐ asthŵa aŶd is ďelieǀed to result 
ŵeĐhaŶistiĐallǇ  froŵ  the  ďreakdoǁŶ  of  the  TͲĐell  suppressiǀe ŵeĐhaŶisŵs  ĐoŶferred  ďǇ  oral 
iŵŵuŶe toleraŶĐe. SǇŵptoŵs of food allergǇ usuallǇ oĐĐur ǁith a fast oŶset ;froŵ seĐoŶds to 
oŶe hourͿ aŶd iŶĐlude rashes, hiǀes, sǁelliŶg aŶd itĐhiŶg of parts or the ǁhole faĐe, ǁheeziŶg, 
diarrhea,  Ŷausea  aŶd,  iŶ  seǀere  Đases,  aŶaphǇlaǆis.  The  ŵaiŶstaǇ  of  treatŵeŶt  is  the  striĐt 
aǀoidaŶĐe of food allergeŶs; aĐĐideŶtal iŶtake reƋuires epiŶephriŶe iŶũeĐtioŶs iŶ seǀere aŶd aŶtiͲ
histaŵiŶes aŶd steroids iŶ ŵild Đases. The ďeŶefits of allergeŶ iŵŵuŶotherapǇ for food allergies 
are ĐurreŶtlǇ uŶĐlear aŶd the proĐedures are thus Ŷot ;ǇetͿ reĐoŵŵeŶded.   
The hǇgieŶe ΀ϯ΁ aŶd disappeariŶg ŵiĐroďiota ΀ϰ΁ hǇpotheses postulate that the reduĐed eǆposure 
to eŶǀiroŶŵeŶtal aŶd pathogeŶiĐ ŵiĐroďes earlǇ iŶ life aŶdͬor the loss of aŶĐestral iŶdigeŶous 
ŵiĐroďes ĐoloŶiziŶg ǀarious ŶiĐhes of the huŵaŶ ďodǇ ĐoŶtriďute to aŶ  iŶĐreased allergǇ risk. 
oth hǇpotheses haǀe serǀed to eǆplaiŶ the draŵatiĐ iŶĐrease of the preǀaleŶĐe of food allergǇ 
iŶ WesterŶ  ĐouŶtries.  The  paradigŵatiĐ  eǆaŵple  of  a  ŵiĐroďe  that  is  iŶĐreasiŶglǇ  lost  froŵ 
huŵaŶ populatioŶs  is H. pylori.  ChroŶiĐ  iŶfeĐtioŶ ǁith  this  gastriĐ  ĐoloŶizer oŶ  the oŶe haŶd 
represeŶts aŶ iŵportaŶt risk faĐtor for the deǀelopŵeŶt of gastritis, ulĐers aŶd gastriĐ ĐaŶĐer ΀ϱ, 
ϲ΁  ďut  oŶ  the  other  haŶd  appears  to  ĐoŶfer  proteĐtioŶ  agaiŶst  esophageal  disorders  suĐh  as 
Appendix	
	190
ͷ		
gastroͲesophageal  refluǆ  disease  aŶd  esophageal  ĐaŶĐer,  as  ǁell  as  asthŵa,  allergǇ  aŶd 
iŶflaŵŵatorǇ ďoǁel diseases  ΀ϳ, ϴ΁. Whereas  the  iŶǀerse assoĐiatioŶ of H. pylori ǁith allergiĐ 
asthŵa, rhiŶitis aŶd eĐzeŵa is ǁell supported ďǇ large epideŵiologiĐal studies aŶd ŵetaͲaŶalǇses 
΀ϵͲϭϮ΁, the effeĐts of H. pylori positiǀitǇ oŶ the risk of deǀelopiŶg food allergǇ are ĐoŶtroǀersial. 
Feǁ reports are aǀailaďle aŶd the eǆistiŶg studies suffer froŵ sŵall saŵple sizes, heterogeŶeous 
populatioŶs  aŶd  ŶoŶͲstaŶdardized ŵethodologies  ΀ϭϯ΁.  Seǀeral  studies  haǀe  fouŶd  a  positiǀe 
assoĐiatioŶ of H. pylori, espeĐiallǇ of straiŶs harďoriŶg the ǀiruleŶĐe faĐtor CagA, ǁith food allergǇ 
iŶ ĐhildreŶ ΀ϭϰ, ϭϱ΁ or adults ΀ϭϲ΁. Other studies haǀe fouŶd Ŷo assoĐiatioŶ ΀ϭϳ΁, or a Ŷegatiǀe 
assoĐiatioŶ ΀ϭϮ΁. The latter studǇ reported ďoth a deĐreased seroͲpreǀaleŶĐe of H. pylori iŶ food 
allergǇ patieŶts relatiǀe to ĐoŶtrols ;ϯϯй ǀs. ϰϬй as deterŵiŶed ďǇ urea ďreath test aŶd serologǇͿ 
as ǁell as a reduĐed produĐtioŶ of allergiĐ ŵediators ;suĐh as eosiŶophiliĐ ĐatioŶiĐ proteiŶ aŶd 
ŵast Đell trǇptaseͿ iŶ H. pyloriͲpositiǀe relatiǀe to H. pyloriͲŶegatiǀe food allergǇ patieŶts ΀ϭϮ΁. 
MeĐhaŶistiĐallǇ, positiǀe assoĐiatioŶs ǁith food allergǇ ǁere eǆplaiŶed ďǇ a ďreakdoǁŶ of the 
epithelial  ďarrier  to  food  allergeŶs  due  to  the  ĐhroŶiĐ  iŶflaŵŵatioŶ  of  the H.  pyloriͲiŶfeĐted 
gastriĐ  ŵuĐosa,  ǁhereas  Ŷegatiǀe  assoĐiatioŶs  ǁere  attriďuted  to  the  iŵŵuŶoŵodulatorǇ 
aĐtiǀitǇ of H. pylori oŶ the aĐtiǀatioŶ aŶd polarizatioŶ of TͲĐell respoŶses.  
We haǀe preǀiouslǇ eǆaŵiŶed  the  role of H. pylori  iŶ ǀarious eǆperiŵeŶtal ŵodels of allergiĐ 
asthŵa  aŶd  haǀe  ĐoŶsisteŶtlǇ  deteĐted  a  stroŶg  proteĐtiǀe  effeĐt,  espeĐiallǇ  of  ŶeoŶatal 
eǆposure to the ďaĐteria, oŶ the deǀelopŵeŶt of allergiĐ asthŵa iŶ respoŶse to ǀarious allergeŶs 
΀ϭϴͲϮϬ΁. GiǀeŶ the ĐoŶtroǀersial results froŵ oďserǀatioŶal studies iŶ huŵaŶs ǁith food allergǇ, 
the stroŶglǇ iŶĐreasiŶg preǀaleŶĐe of food allergǇ iŶ ĐhildreŶ aŶd adults, aŶd the roďust effeĐts 
oďserǀed iŶ our allergiĐ asthŵa ŵodels, ǁe asked ǁhether eǆperiŵeŶtal H. pylori iŶfeĐtioŶ ǁould 
Appendix	
	 191	
͸		
alleǀiate  the  ĐliŶiĐal  aŶd  iŵŵuŶologiĐal  sǇŵptoŵs  of  food  allergǇ  iŶduĐed  ďǇ  tǁo  differeŶt 
ĐoŵŵoŶ food allergeŶs. We used reĐoŵďiŶaŶt oǀalďuŵiŶ aŶd peaŶut eǆtraĐt, adŵiŶistered ǀia 
ǀarious routes,  to trigger aŶaphǇlaǆis sǇŵptoŵs. WheŶ adŵiŶistered  iŶtraperitoŶeallǇ  for the 
purpose of allergeŶ ĐhalleŶge, peaŶut eǆtraĐt ǁas superior to oǀalďuŵiŶ iŶ iŶduĐiŶg sǁelliŶg aŶd 
edeŵa of the ŵuĐosal surfaĐes of the faĐe, as ǁell as a ǀarietǇ of sǇsteŵiĐ paraŵeters related to 
ThϮ, Ͳ aŶd ŵast Đell aĐtiǀitǇ. H. pylori  iŶfeĐtioŶ aŶd H. pylori eǆtraĐt treatŵeŶt, aŶd also the 
adŵiŶistratioŶ of seǀeral doses of purified saĐA, alleǀiated all ĐliŶiĐal sǇŵptoŵs of food allergǇ 
iŶ  the  three  eǆaŵiŶed  ŵodels  aŶd  reduĐed  ThϮ  ĐǇtokiŶe  produĐtioŶ,  ŵast  Đell  protease 
seĐretioŶ,  aŶd  allergeŶͲspeĐifiĐ  seruŵ  IgGϭ  leǀels.  The  saŵe  treatŵeŶts  Đould  ďe  shoǁŶ  to 
proŵote Treg staďilitǇ ďǇ deŵethǇlatiŶg the TSDR of the &KyWϯ loĐus iŶ regulatorǇ TͲĐells ;TregsͿ 
froŵ ŵeseŶteriĐ lǇŵph Ŷodes. Our results thus suggest that H. pylori doǁŶͲŵodulates iŵŵuŶe 
respoŶses to ĐoŵŵoŶ food allergeŶs ďǇ affeĐtiŶg the epigeŶoŵe of Tregs aŶd proŵotiŶg their 
staďle liŶeage differeŶtiatioŶ, thereďǇ ĐoŶferriŶg loŶgͲlastiŶg proteĐtioŶ agaiŶst food allergǇ.         
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DetŚods 
niŵal eǆƉeriŵentation 
Cϱϳ>ͬϲ ŵiĐe ǁere purĐhased froŵ :aŶǀier aŶd iŶĐluded iŶ eǆperiŵeŶts at ϱͲϳ ǁeeks of age. For 
the iŶduĐtioŶ of oǀalďuŵiŶ ;OsAͿͲiŶduĐed food allergǇ, ŵiĐe ǁere seŶsitized tǁiĐe i.p. ǁith ϱϬ 
ʅg OsA  ;Sigŵa AϱϱϬϯͲϱGͿ  eŵulsified  iŶ  aluŵiŶuŵ hǇdroǆide  ;Aluŵ  IŵũeĐt,  Therŵo SĐieŶtifiĐ 
ϳϳϭϲϭͿ oŶ daǇ Ϭ aŶd ϭϰ, folloǁed ďǇ ĐhalleŶge ǀia oral gaǀage oŶ daǇs Ϯϴ, Ϯϵ, ϯϬ aŶd ϯϭ ǁith ϲϬ  
ŵg OsA. SǇŵptoŵs ǁere sĐored after eaĐh of the first three ĐhalleŶges; ŵiĐe ǁere saĐrifiĐed ďǇ 
COϮ iŶhalatioŶ ϯϬͲϰϱ ŵiŶ after the last ĐhalleŶge aŶd ďlood aŶd tissue saŵples ǁere ĐolleĐted. 
For the iŶduĐtioŶ of peaŶut eǆtraĐt ;WEͿͲiŶduĐed food allergǇ, ŵiĐe ǁere seŶsitized orallǇ oŶĐe a 
ǁeek for four ǁeeks ǁith Ϯ ŵg WE adũuǀaŶted ǁith ϮϬ ʅg Đholera toǆiŶ ;>ist iologiĐals ϭϬϭͿ 
folloǁed ďǇ either four oral ĐhalleŶges oŶ four ĐoŶseĐutiǀe daǇs ǁith ϭϬ ŵg WE ;iŶ this ŵodel, 
sǇŵptoŵs ǁere sĐored after the first three ĐhalleŶgesͿ or tǁo i.p. ĐhalleŶges ;ǁith a tǁoͲdaǇ 
ďreakͿ ǁith ϭ ŵg WE ;iŶ that Đase, sǇŵptoŵs ǁere sĐored after the first ĐhalleŶgeͿ.  SĐoriŶg ǁas 
doŶe for ϰϬ ŵiŶ ďegiŶŶiŶg right after ĐhalleŶge, ǁith sĐores iŶdiĐatiŶg the folloǁiŶg: Ϭ, Ŷo sigŶ 
of  reaĐtioŶ; ϭ,  repetitiǀe  sĐratĐhiŶg aŶd  ruďďiŶg arouŶd  the Ŷoseͬŵouth aŶd head, ear  ĐaŶal 
diggiŶg ǁith hiŶd legs; Ϯ, deĐreased aĐtiǀitǇ ǁith aŶ iŶĐreased respiratorǇ rate, pilar ereĐti aŶdͬor 
puffiŶg arouŶd the eǇes aŶdͬor ŵouth; ϯ, laďored respiratioŶ aŶd ĐǇaŶosis arouŶd the ŵouth 
aŶd tail aŶdͬor periods of ŵotioŶless for ŵore thaŶ ϭ ŵiŶ; lǇiŶg proŶe oŶ stoŵaĐh; ϰ, slight or 
Ŷo  aĐtiǀitǇ  after  proddiŶgͬǁhisker  stiŵuli  or  treŵors  aŶd  ĐoŶǀulsioŶ;  ϱ,  death.  IŶ  the  oral 
ĐhalleŶge ŵodels, Đuŵulatiǀe sĐores ǁere ĐalĐulated ďǇ addiŶg up three iŶdiǀidual sĐores per 
ŵouse. The proĐessiŶg aŶd aŶalǇsis of aŶiŵal tissues is desĐriďed ďeloǁ; MCWTϭ iŶ seruŵ ǁas 
ƋuaŶtified ďǇ E>ISA ;ϴϴͲϳϱϬϯͲϴϴ, eiosĐieŶĐeͿ aĐĐordiŶg to the ŵaŶufaĐturer͛s iŶstruĐtioŶs. All 
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aŶiŵal eǆperiŵeŶtatioŶ ǁas reǀieǁed aŶd approǀed ďǇ the ZuriĐh CaŶtoŶal seteriŶarǇ OffiĐe 
;liĐeŶse ϭϳϬͬϮϬϭϰ to A.M.Ϳ. The H. pylori straiŶ WMSSϭ ǁas Đultured as preǀiouslǇ desĐriďed ΀Ϯϭ΁; 
ŵiĐe ǁere iŶfeĐted ďǇ oral gaǀage oŶ daǇ ϲ aŶd ϳ after ďirth ǁith ϭϬϳ to ϭϬϴ ďaĐteria. For the 
produĐtioŶ of H. pylori eǆtraĐt, ďaĐterial Đultures ǁere pelleted, ǁashed ǁith WS, aŶd suďũeĐted 
to  three  freezeͲthaǁ ĐǇĐles aŶd hoŵogeŶizatioŶ usiŶg a pressure Đell hoŵogeŶizer  ;StaŶsted 
SWCHͲϭϴͿ. The hoŵogeŶate ǁas ĐeŶtrifuged at ϯϬϬϬǆ g,  the  resultiŶg  superŶataŶt ǁas  sterile 
filtered,  aŶd  the  proteiŶ  ĐoŶĐeŶtratioŶ  ǁas  deterŵiŶed  ďǇ  CA  WroteiŶ  AssaǇ  Kit  ;Therŵo 
SĐieŶtifiĐ  ϮϯϮϮϳͿ.  Sϭŵϭ  tǇpe  saĐA  ǁas  purified  froŵ  H.  pylori  straiŶ  ϲϬϭϵϬ  as  desĐriďed 
preǀiouslǇ  ΀ϮϮ΁. The dosage of eǆtraĐt aŶd saĐA ǁas adũusted to the age of the ŵiĐe aŶd the 
appliĐatioŶ ŵode: eǆtraĐt  i.p.  ϱͲϭϬϬ ʅg,  eǆtraĐt p.o.  ϱϬͲϮϬϬ ʅg, saĐA  i.p.  ϱͲϮϬ ʅg. MiĐe ǁere 
treated ǁith saĐA or eǆtraĐt oŶĐe a ǁeek. For the produĐtioŶ of peaŶut eǆtraĐt, partiallǇ defatted 
peaŶut  flour  ;GoldeŶ WeaŶut CoŵpaŶǇͿ ǁas eǆtraĐted oǀerŶight  iŶ ϭϬǆ WS,  solid parts ǁere 
reŵoǀed ďǇ ĐeŶtrifugatioŶ, aŶd eǆtraĐt ǁas ĐoŶĐeŶtrated usiŶg AŵiĐoŶ UltraĐel ϯK ĐeŶtrifugal 
filters  ;MerĐk Millipore UFCϵϬϬϯϮϰͿ.  The  fiŶal  proteiŶ  ĐoŶĐeŶtratioŶ ǁas deterŵiŶed ďǇ CA 
WroteiŶ AssaǇ Kit ;Therŵo SĐieŶtifiĐ ϮϯϮϮϳͿ. 
 
llergenͲsƉeĐifiĐ L/^s 
For  OsAͲspeĐifiĐ  IgGϭ  E>ISA,  high  affiŶitǇ  plates  ǁere  Đoated  ǁith  ϭϬ  ʅg  OsA  iŶ  ĐarďoŶateͲ
ďiĐarďoŶate ĐoatiŶg ďuffer ;pH ϵ.ϲͿ oǀerŶight at ϰΣ C. After ǁashiŶg aŶd ďloĐkiŶg ǁith Ϯ й SA iŶ 
WS, seruŵ saŵples ǁere diluted iŶ ϭ й SAͬWS aŶd added for Ϯ hours at ϯϳΣC. After further 
ǁashiŶg,  the  plates  ǁere  iŶĐuďated  for  ϭ  h  at  ϯϳΣC  ǁith  HRWͲĐoupled  aŶtiͲŵouse  IgGϭ 
;eiosĐieŶĐe ϭϴͲϰϬϭϱͲϴϮͿ. Wells ǁere ǁashed agaiŶ ďefore addiŶg HRW suďstrate aŶd ŵeasuriŶg 
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aďsorďaŶĐe  iŶ  a  SpeĐtroŵaǆ  plate  reader.  OsAͲspeĐifiĐ  IgE  ǁas  ŵeasured  usiŶg  the  saŵe 
proĐedure as desĐriďed for IgGϭ, eǆĐept that HRWͲĐoupled aŶtiͲŵouse IgE ;GeŶeTeǆ GTXϳϳϮϮϳͿ 
ǁas used for deteĐtioŶ. For WEͲspeĐifiĐ IgE E>ISA, high affiŶitǇ plates ǁere Đoated ǁith ϱϬϬ ʅg WE 
oǀerŶight as desĐriďed aďoǀe. After ǁashiŶg aŶd ďloĐkiŶg ǁith ϱ й gelatiŶe iŶ WS at ϯϳΣC for ϭ 
hour, seruŵ saŵples diluted iŶ Ϯ й SAͬWS ǁere added to the plate for Ϯ hours at ϯϳΣC. After 
further ǁashiŶg, the plates ǁere iŶĐuďated ǁith aŶtiͲŵouse IgEͲďiotiŶ ;D iosĐieŶĐes ϱϱϯϰϭϵͿ 
aŶd ǁashed ďefore aǀidiŶͲHRW ;Therŵo SĐieŶtifiĐ ϮϭϭϯϬͿ ǁas added. Wells ǁere ǁashed agaiŶ 
ďefore additioŶ of HRW suďstrate aŶd aďsorďaŶĐe deteĐtioŶ iŶ a plate reader. 
 
ReͲstiŵulation of sƉlenoĐytes and ĐytoŬine L/^s 
SpleeŶs ǁere pushed through a ϰϬ ʅŵ Đell straiŶer aŶd ǁashed ǁith WS prior to red ďlood Đell 
lǇsis. SpleŶoĐǇtes ǁere seeded iŶto ϵϲ ǁell plates iŶ RWMI ϭϲϰϬ ŵediuŵ ;GiďĐo ϮϭϴϳϱͲϬϯϰ plus 
FCS aŶd WeŶiĐilliŶͲStreptoŵǇĐiŶͿ suppleŵeŶted ǁith ϮϬϬ ʅgͬŵl WE or OsA. After ϰ daǇs iŶ Đulture, 
superŶataŶts ǁere ĐolleĐted aŶd stored at ͲϮϬΣC uŶtil ĐǇtokiŶes ǁere ƋuaŶtified ďǇ I>Ͳϱ ;ϴϴͲϳϬϱϰͲ
ϴϴͿ aŶd I>Ͳϭϯ ;ϴϴͲϳϭϯϳͲϴϴͿ E>ISA aĐĐordiŶg to the ŵaŶufaĐturer͛s iŶstruĐtioŶs ;eiosĐieŶĐeͿ.  
 
d^DR ŵetŚylation analysis 
Total ŵeseŶteriĐ lǇŵph Ŷode Đells of ŵale Cϱϳ>ͬϲ ŵiĐe ǁere isolated ďǇ ŵeaŶs of ĐollageŶase 
tǇpe  Is  ;Sigŵa  CϱϭϯϴͿ  digestioŶ  aŶd  pushiŶg  through  a  Đell  straiŶer.  After  fiǆatioŶ, 
perŵeaďilizatioŶ  aŶd  ǁashiŶg,  the  Đells  ǁere  staiŶed  ǁith  aŶtiͲŵouse  CDϰͲFITC  ;iolegeŶd 
ϭϬϬϱϭϬͿ aŶd FoǆpϯͲAWC aŶtiďodies ;eiosĐieŶĐe ϭϳͲϱϳϳϯͲϴϮͿ. CDϰ+Foǆpϯ+ aŶd CDϰ+FoǆpϯͲ Đells 
ǁere  sorted  oŶ  a  FACS  Aria.  GeŶoŵiĐ  DEA  ǁas  isolated  froŵ  sorted  Đell  suďsets  usiŶg  the 
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EuĐleoSpiŶΠ Tissue kit ;MaĐhereǇͲEagelͿ. AŶ additioŶal step ǁas added to the ŵaŶufaĐturer͛s 
protoĐol to reŵoǀe forŵaldehǇdeͲiŶduĐed ĐrossliŶkiŶg. rieflǇ, CheleǆͲϭϬϬ ďeads ;ioradͿ ǁere 
added after the lǇsis step aŶd iŶĐuďated at ϵϱΣC for ϭϱ ŵiŶ iŶ a shaker. CheleǆͲϭϬϬ ďeads ǁere 
spuŶ doǁŶ aŶd the superŶataŶt ǁas traŶsferred to a fresh tuďe. After additioŶ of aŶ adũusted 
aŵouŶt  of  ϭϬϬ  й  ethaŶol  the  folloǁiŶg  purifiĐatioŶ  steps  ǁere  perforŵed  aĐĐordiŶg  to  the 
ŵaŶufaĐturer͛s  protoĐol.  GeŶoŵiĐ  DEA  ǁas  ĐoŶǀerted  ǁith  ďisulfite  usiŶg  the  EZ  DEA 
MethǇlatioŶ Kit ;ZǇŵo ResearĐhͿ aĐĐordiŶg to the ŵaŶufaĐturer͛s iŶstruĐtioŶs. The TregͲspeĐifiĐ 
deŵethǇlated  regioŶ  ;TSDRͿ  ǁas  aŵplified  ďǇ  WCR  aŶd  aŶalǇzed  ďǇ  pǇroseƋueŶĐiŶg  oŶ  a 
WSYϵϲMA ;YiageŶͿ as desĐriďed reĐeŶtlǇ ΀Ϯϯ΁. Wriŵers for seƋueŶĐiŶg ǁere ;iŶ ϱ͛ to ϯ͛ direĐtioŶͿ, 
Sϭ: CCATACAAAACCCAAATTC, SϮ: ACCCAAATAAAATAATATAAATACT, Sϯ: ATCTACCCCACAAATTT, 
Sϰ: AACCAAATTTTTCTACCATTͿ, ǁhiĐh Đoǀer CpG ŵotifs ϯͲϭϮ of the TSDR Đore regioŶ. 
 
^tatistiĐal analysis 
GraphWad  Wrisŵ  ϲ  ǁas  for  all  statistiĐal  aŶalǇses.  IŶ  all  graphs  eaĐh  sǇŵďol  represeŶts  aŶ 
iŶdiǀidual  aŶiŵal  aŶd  horizoŶtal  liŶes  iŶdiĐate  ŵediaŶs.  To  eǀaluate  statistiĐallǇ  sigŶifiĐaŶt 
differeŶĐes ďetǁeeŶ eǆperiŵeŶtal groups aŶ uŶpaired, ŶoŶparaŵetriĐ MaŶŶͲWhitŶeǇ test ǁas 
applied throughout. Stars are used to iŶdiĐate the leǀel of sigŶifiĐaŶĐe aĐĐordiŶg to the pͲǀalue: 
* pфϬ.Ϭϱ, ** pфϬ.Ϭϭ, *** pфϬ.ϬϬϭ, **** pфϬ.ϬϬϬϭ. 
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Results 
 
Liǀe H͘  pylori  infeĐtion  or  treatŵent  ǁitŚ H͘  pylori  ǁŚole  Đell  eǆtraĐt  effiĐiently  alleǀiates 
syŵƉtoŵs in an oǀalďuŵinͲinduĐed food allergy ŵodel 
To assess ǁhether iŶfeĐtioŶ ǁith H. pylori or treatŵeŶt ǁith ǁhole Đell eǆtraĐt proteĐts agaiŶst 
allergiĐ respoŶses to iŶgested oǀalďuŵiŶ, ǁe either iŶfeĐted ŶeoŶatal ŵiĐe ǁith liǀe H. pylori oŶ 
daǇs ϲ aŶd ϳ after ďirth or iŶtragastriĐallǇ adŵiŶistered ǁeeklǇ doses of ǁhole Đell eǆtraĐt froŵ 
daǇ ϳ oŶǁards. As adults, ŵiĐe ǁere suďũeĐted to iŶtraperitoŶeal oǀalďuŵiŶ ;OsA, adũuǀaŶted 
ǁith aluŵͿ seŶsitizatioŶ folloǁed ďǇ  iŶtragastriĐ OsA ĐhalleŶges ;see sĐheŵatiĐ  iŶ Figure ϭAͿ. 
MiĐe ǁere sĐored for aŶaphǇlaĐtiĐ sǇŵptoŵs suĐh as sĐratĐhiŶg arouŶd the Ŷose, ŵouth aŶd 
ears,  deĐreased  aĐtiǀitǇ  aŶd  iŶĐreased  respiratorǇ  rate  aŶd  puffǇ  eǇes  for  ϰϬ ŵiŶ  after  eaĐh 
ĐhalleŶge. At the studǇ eŶdpoiŶt, seruŵ leǀels of OsAͲspeĐifiĐ IgE aŶd IgGϭ aŶtiďodies, seruŵ 
leǀels  of ŵast Đell protease ϭ ;MCWTϭͿ, aŶd the spleŶiĐ produĐtioŶ of the ThϮ ĐǇtokiŶes I>Ͳϱ aŶd 
I>Ͳϭϯ ǁere ƋuaŶtified ďǇ E>ISA. MiĐe that had ďeeŶ seŶsitized aŶd ĐhalleŶged ǁith OsA ;positiǀe 
ĐoŶtrolsͿ deǀeloped ŵild to ŵoderate aŶaphǇlaĐtiĐ sǇŵptoŵs aĐĐoŵpaŶied ďǇ high seruŵ titers 
of  OsAͲspeĐifiĐ  IgE  aŶd  IgGϭ  aŶd  eleǀated  leǀels  of MCWTϭ,  a  sǇsteŵiĐ  ŵarker  of  ŵast  Đell 
degraŶulatioŶ  ;Figure  ϭͲD,  suppl.  Figure  ϭA,Ϳ.  The  reͲstiŵulatioŶ  of  spleŶiĐ  siŶgle  Đell 
preparatioŶs ǁith OsA reǀealed a ĐlearlǇ eleǀated produĐtioŶ of I>Ͳϱ aŶd I>Ͳϭϯ relatiǀe to ĐoŶtrol 
groups that had Ŷot ďeeŶ seŶsitized ;ďut ĐhalleŶgedͿ or had Ŷeǀer ďeeŶ eǆposed to OsA ;Figure 
ϭE,FͿ.  IŶ  ĐoŶtrast, ŵiĐe  that ǁere  iŶfeĐted ǁith H. pylori  or had  reĐeiǀed H. pylori ǁhole  Đell 
eǆtraĐt ǁere assigŶed sigŶifiĐaŶtlǇ loǁer aŶaphǇlaǆis sĐores, eǆhiďited reduĐed seruŵ leǀels of 
OsAͲspeĐifiĐ  IgGϭ, aŶd produĐed  loǁer aŵouŶts of spleŶiĐ ThϮ ĐǇtokiŶes upoŶ reͲstiŵulatioŶ 
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;Figure ϭͲFͿ;  the assessŵeŶt of seruŵ IgE aŶd MCWTͲϭ  leǀels ĐoŶfirŵed these treŶds for the 
eǆtraĐt treatŵeŶt, ďut Ŷot for the liǀe iŶfeĐtioŶ ;suppl. Figure ϭA,Ϳ. Oǀerall, the results iŶdiĐate 
that H. pylori iŶfeĐtioŶ aŶd eǆtraĐt treatŵeŶt effiĐieŶtlǇ reduĐe aŶaphǇlaǆis sǇŵptoŵs aŶd ŵost 
other hallŵarks of oǀalďuŵiŶͲspeĐifiĐ allergǇ; the effeĐts oŶ aŶaphǇlaǆis sĐores iŶ partiĐular, the 
ŵost releǀaŶt readout froŵ a ĐliŶiĐal perspeĐtiǀe, are stroŶg aŶd roďust.  
 
&ood  allergy  syŵƉtoŵs  induĐed  ďy  Ɖeanut  eǆtraĐt  are  reduĐed  ďy H͘  pylori  infeĐtion  and 
treatŵent ǁitŚ H͘ pylori eǆtraĐt or tŚe H͘ pylori iŵŵunoŵodulator saĐ 
We Ŷeǆt sought to deterŵiŶe if these results Đould ďe Đorroďorated iŶ additioŶal ŵodels of food 
allergǇ. As proteiŶs ĐoŶtaiŶed iŶ peaŶuts are aŵoŶg the ŵost ĐoŵŵoŶ food allergeŶs iŶ WesterŶ 
soĐieties,  ǁe  opted  for  peaŶutͲspeĐifiĐ  seŶsitizatioŶ  aŶd  ĐhalleŶge.  MiĐe  reĐeiǀed  four 
iŶtragastriĐ ǁeeklǇ  doses  of  Đholera  toǆiŶͲadũuǀaŶted  peaŶut  eǆtraĐt  ;WEͿ  for  the  purpose  of 
seŶsitizatioŶ, folloǁed ďǇ iŶtragastriĐ ĐhalleŶge ǁith WE oŶ four ĐoŶseĐutiǀe daǇs ďegiŶŶiŶg oŶe 
ǁeek after  the  last  seŶsitizatioŶ  ;Figure ϮAͿ. EeoŶatallǇ  iŶfeĐted ŵiĐe aŶd ŵiĐe  treated ǁith 
either H.  pylori  eǆtraĐt  or  the purified H.  pylori  iŵŵuŶoŵodulator saĐA ǁere  seŶsitized  aŶd 
ĐhalleŶged aloŶgside a group of positiǀe ĐoŶtrols that reĐeiǀed Ŷo iŶterǀeŶtioŶ ǁhatsoeǀer. The 
food allergǇ sǇŵptoŵs eliĐited ďǇ  iŶtragastriĐ seŶsitizatioŶ aŶd ĐhalleŶge ǁith peaŶut eǆtraĐt 
ǁere relatiǀelǇ ŵild aŶd Đoŵparaďle to sǇŵptoŵs iŶduĐed ǁith OsA ;Figure ϮͲDͿ. Siŵilar to the 
OsA  ŵodel,  H.  pylori  iŶfeĐtioŶ  aŶd  eǆtraĐt  treatŵeŶt,  aŶd  also  regular  treatŵeŶt  ǁith  the 
purified iŵŵuŶoŵodulator saĐA, effeĐtiǀelǇ reduĐed the aŶaphǇlaǆis sĐores, ďut failed to affeĐt 
peaŶutͲspeĐifiĐ  seruŵ  IgE  leǀels  ;Figure  Ϯ,CͿ. MCWT  seruŵ  leǀels ǁere  reduĐed  ďǇ  all  three 
iŶterǀeŶtioŶs ;Figure ϮDͿ. IŶ suŵŵarǇ, ǁe oďserǀe iŶ tǁo ĐoŵpleŵeŶtarǇ food allergǇ ŵodels 
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that H. pylori aŶd its iŵŵuŶoŵodulator saĐA reduĐe ĐliŶiĐallǇ releǀaŶt sǇŵptoŵs of food allergǇ 
aŶd ŵodulate iŵŵuŶologiĐ Đorrelates of the disease.  
 
^eǀere anaƉŚylaǆis induĐed ďy Ɖeanut eǆtraĐt is alleǀiated ďy H͘ pylori  
oth  aďoǀe  desĐriďed ŵodels  of  food  allergǇ  produĐe  relatiǀelǇ ŵild  sǇŵptoŵs. MiĐe  rarelǇ 
deǀelop sǇsteŵiĐ sǇŵptoŵs suĐh as deĐreased aĐtiǀitǇ or effeĐts oŶ respiratioŶ rates. To ŵiŵiĐ 
ŵore seǀere aŶaphǇlaĐtiĐ reaĐtioŶs, ǁhiĐh ĐaŶ ďe lifeͲthreateŶiŶg iŶ peaŶutͲallergiĐ ĐhildreŶ, ǁe 
deǀised a ŵodel that produĐed sigŶifiĐaŶtlǇ higher aŶaphǇlaǆis sĐores, aĐĐoŵpaŶied ďǇ higher 
seruŵ MCWT leǀels aŶd stroŶger ĐǇtokiŶe produĐtioŶ ďǇ restiŵulated spleŶoĐǇtes relatiǀe to the 
other tǁo ŵodels. IŶ this ŵodel, ŵiĐe are seŶsitized orallǇ ďǇ four CTͲadũuǀaŶted doses of peaŶut 
eǆtraĐt folloǁed ďǇ tǁo iŶtraperitoŶeal ĐhalleŶges ǁith the saŵe eǆtraĐt ;Figure ϯAͿ. Most ŵiĐe 
of  the  positiǀe  ĐoŶtrol  group ǁere  assigŶed  aŶaphǇlaǆis  sĐores  of  three  ;defiŶed  as  laďored 
respiratioŶ aŶd ĐǇaŶosis arouŶd the ŵouth aŶd tail aŶdͬor periods of ŵotioŶless for ŵore thaŶ 
ϭ ŵiŶ, lǇiŶg proŶe oŶ stoŵaĐhͿ aŶd four ;slight or Ŷo aĐtiǀitǇ after proddiŶgͬǁhisker stiŵuli or 
treŵors aŶd ĐoŶǀulsioŶ; Figure ϯ,CͿ alreadǇ after the first ĐhalleŶge dose. AŶaphǇlaǆis sĐores 
ǁere  reduĐed  ďǇ  all  iŶterǀeŶtioŶs  ;liǀe  ŶeoŶatal  iŶfeĐtioŶ,  eǆtraĐt  adŵiŶistered  either  i.p.  or 
orallǇ, aŶd saĐA, Figure ϯ,  suppl.  Figure ϮAͿ.  >oǁer  sĐores ǁere aĐĐoŵpaŶied ďǇ soŵeǁhat 
reduĐed ĐǇtokiŶe produĐtioŶ ;Figure ϯD,EͿ aŶd MCWT aŶd IgE leǀels ŵeasured iŶ seruŵ ;suppl. 
Figure ϮA,Ϳ. IŶ suŵŵarǇ, the seǀere aŶaphǇlaǆis iŶduĐed ďǇ the iŶtraperitoŶeal adŵiŶistratioŶ 
of allergeŶ to seŶsitized ŵiĐe ĐaŶ ďe ŵeasuraďlǇ reduĐed ďǇ prior iŶfeĐtioŶ ǁith H. pylori, or the 
regular eǆposure to H. pylori eǆtraĐt or saĐA. 
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H͘ pylori infeĐtion͕ as ǁell as eǆtraĐt and saĐ treatŵent induĐe deŵetŚylation of tŚe dregͲ
sƉeĐifiĐ deŵetŚylated region ;d^DRͿ in &oǆP3+ dregs 
Tregs haǀe ďeeŶ iŵpliĐated iŶ asthŵa proteĐtioŶ iŶ H. pyloriͲiŶfeĐted ŵiĐe aŶd are ŶuŵeriĐallǇ 
aŶd  fuŶĐtioŶallǇ  differeŶt  iŶ  ŶaŢǀe  aŶd  iŶfeĐted  aŶiŵals  ΀ϭϴͲϮϬ΁.  To  assess  ǁhether  the 
iŶterǀeŶtioŶs shoǁŶ here to ĐoŶfer food allergǇ proteĐtioŶ affeĐt the differeŶtiatioŶ aŶd staďilitǇ 
of Tregs, ǁe set out to ƋuaŶtifǇ the ŵethǇlatioŶ status of CpG ŵotifs ;Figure ϰAͿ loĐalized ǁithiŶ 
a  regioŶ  of  the  &KyWϯ  loĐus  terŵed  TSDR  ďeĐause  of  its  seleĐtiǀe  deŵethǇlatioŶ  iŶ  liŶeageͲ
Đoŵŵitted ;staďleͿ Tregs ΀Ϯϰ, Ϯϱ΁. Tregs froŵ pooled ŵeseŶteriĐ lǇŵph Ŷodes of ϲͲϴ ŵale ŵiĐe 
per group ǁere FACSͲsorted ďased oŶ their CDϰ aŶd FoǆWϯ eǆpressioŶ, aŶd suďũeĐted to geŶoŵiĐ 
DEA eǆtraĐtioŶ, ďisulfite ĐoŶǀersioŶ aŶd TSDRͲspeĐifiĐ pǇroseƋueŶĐiŶg. CDϰ+ FoǆWϯͲ TͲĐells ǁere 
sorted aŶd aŶalǇzed iŶ parallel. FoǆWϯͲ TͲĐells eǆhiďited a ŵore or less Đoŵplete ŵethǇlatioŶ of 
the TSDR, ǁith oŶ aǀerage ϵϲ й ŵethǇlated CpG ŵotifs ;Figure ϰ aŶd data Ŷot shoǁŶͿ; their 
ŵethǇlatioŶ  did  Ŷot  ĐhaŶge  upoŶ  iŶterǀeŶtioŶ  ;data  Ŷot  shoǁŶͿ.  IŶ  ĐoŶtrast,  FoǆWϯ+  TͲĐells 
shoǁed differeŶĐes iŶ their ŵethǇlatioŶ status: ǁhereas FoǆWϯ+ TͲĐells that had ďeeŶ harǀested 
froŵ  Ŷaiǀe  ŵiĐe  shoǁed  ŵethǇlatioŶ  leǀels  ǀarǇiŶg  ďetǁeeŶ  ϮϱͲϱϬ й  depeŶdiŶg  oŶ  the 
eǆperiŵeŶt, this leǀel deĐreased to ϭϬ й upoŶ eǆtraĐt treatŵeŶt, ϭϬͲϭϳ й upoŶ liǀe iŶfeĐtioŶ aŶd 
doǁŶ to ϭ й upoŶ saĐA treatŵeŶt ;Figure ϰͿ. As reported preǀiouslǇ ΀Ϯϰ, Ϯϱ΁, the CpG ŵotifs 
ǁithiŶ the TSDR shoǁed ǀerǇ ĐoŶsisteŶt ŵethǇlatioŶ patterŶs ǁithiŶ oŶe saŵple, iŶdiĐatiŶg aŶ 
allͲorͲŶothiŶg ŵeĐhaŶisŵ of deŵethǇlatioŶ that eŶĐoŵpasses the eŶtire loĐus ;Ŷot all regioŶs 
Đould ďe aŶalǇzed iŶ all saŵples though, Figure ϰͿ. We ĐoŶĐlude froŵ these data that epigeŶetiĐ 
ŵarks leadiŶg to staďle eǆpressioŶ of FoǆWϯ, aŶd to the defiŶitiǀe liŶeage ĐoŵŵitŵeŶt of Tregs, 
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refleĐt  the  suppressiǀe  effeĐts  of H.  pyloriͲspeĐifiĐ  treatŵeŶts  oŶ  food  allergǇ  iŶ  the ŵodels 
desĐriďed aďoǀe. 
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DisĐussion 
Although food allergǇ represeŶts aŶ iŵportaŶt huŵaŶ disorder of iŶĐreasiŶg preǀaleŶĐe iŶ ŵost 
parts of the ǁorld aŶd H. pylori is kŶoǁŶ to ďe proteĐtiǀe agaiŶst allergies ǁith respiratorǇ traĐt 
ŵaŶifestatioŶs  ΀ϭϬ, ϭϴͲϮϬ, Ϯϲ, Ϯϳ΁,  little eǆperiŵeŶtal or epideŵiologiĐal eǀideŶĐe  is aǀailaďle 
that addresses a possiďle iŶǀerse ĐorrelatioŶ, or proteĐtiǀe effeĐt, of H. pylori iŶ food allergǇ. OŶe 
of the reasoŶs for this  laĐk of data proďaďlǇ  lies  iŶ the faĐt  that Ŷo uŶiǀersallǇ aĐĐepted food 
allergǇ ŵodel eǆists that ǁould faithfullǇ refleĐt all or ŵost aspeĐts of the huŵaŶ ĐoŶditioŶ. We 
haǀe adapted aŶd optiŵized three ĐoŵpleŵeŶtarǇ food allergǇ ŵodels, usiŶg ǀarious routes of 
seŶsitizatioŶ  aŶd  ĐhalleŶge  aŶd  tǁo  differeŶt  ĐoŵŵoŶ  food  allergeŶs,  to  iŶǀestigate  iŶ  a 
ĐoŵpreheŶsiǀe ŵaŶŶer ǁhether the preseŶĐe of H. pylori affeĐts ĐliŶiĐallǇ releǀaŶt food allergǇ 
sǇŵptoŵs,  iŶ either a ďeŶefiĐial or detriŵeŶtal ǁaǇ. We fouŶd Ŷo eǀideŶĐe ǁhatsoeǀer for a 
proŵotiŶg role of H. pylori iŶ food allergǇ, as had ďeeŶ suggested iŶ tǁo oďserǀatioŶal studies iŶ 
huŵaŶs  ΀ϭϰ, ϭϱ΁.  IŶ ĐoŶtrast,  liǀe H. pylori  iŶfeĐtioŶ ĐoŶferred a ĐlearlǇ deteĐtaďle proteĐtioŶ 
agaiŶst aŶaphǇlaĐtiĐ sǇŵptoŵs; the effeĐts oŶ ĐliŶiĐal sǇŵptoŵs ǁere assoĐiated ǁith proteĐtiǀe 
effeĐts oŶ sǇsteŵiĐ paraŵeters of food allergǇ, suĐh as ŵast Đell protease leǀels iŶ seruŵ aŶd 
allergeŶͲspeĐifiĐ IgGϭ leǀels. Although roďust aŶd ĐoŶsisteŶt iŶ the three ŵodels, the effeĐts of 
H. pylori  oŶ  food allergǇ ǁere Ŷot as  iŵpressiǀe as  its ďeŶefiĐial  effeĐts  iŶ ŵodels of  allergiĐ 
asthŵa  iŶ ǁhiĐh ŶeoŶatal  eǆposure  to  the ďaĐteria  esseŶtiallǇ  reduĐes paraŵeters of  airǁaǇ 
iŶflaŵŵatioŶ,  airǁaǇ  hǇperͲrespoŶsiǀeŶess  aŶd  goďlet  Đell ŵetaplasia  to  alŵost  ďaĐkgrouŶd 
leǀels ΀ϭϴͲϮϬ΁. The stroŶger effeĐts iŶ the asthŵa ŵodels ŵaǇ haǀe to do ǁith the soͲĐalled ͞gutͲ
luŶg aǆis͟, the idea of a speĐial ĐoŶŶeĐtioŶ ďetǁeeŶ the ŵuĐosal  iŵŵuŶe sǇsteŵs of the tǁo 
orgaŶs that has ďeeŶ put forǁard to eǆplaiŶ the effeĐts of ;deliďerate or pathogeŶiĐ alteratioŶs 
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ofͿ the gut ŵiĐroďiota oŶ luŶg diseases ΀Ϯϴ΁.   We ǁere aďle to liŶk the proteĐtioŶ agaiŶst the 
airǁaǇ  hǇperͲreaĐtiǀitǇ,  iŶflaŵŵatioŶ,  eosiŶophilia  aŶd  eǆĐessiǀe ŵuĐus  produĐtioŶ  that  are 
hallŵarks of allergiĐ asthŵa to the stroŶg suppressiǀe aĐtiǀitǇ of H. pyloriͲiŶduĐed Tregs ΀ϭϵ, ϮϬ΁. 
Here, ǁe preseŶt a possiďle epigeŶetiĐ Đorrelate of the suppressiǀeͬproteĐtiǀe aĐtiǀitǇ of Tregs 
iŶ allergǇ, as these ĐellsͲ ĐoŵiŶg froŵ aŶ H. pyloriͲiŶfeĐted hostͲ eǆhiďit aŶ epigeŶetiĐ sigŶature 
at  their  &KyWϯ  loĐus  that  is  ĐoŶsisteŶt  ǁith  staďle  eǆpressioŶ  of  FoǆWϯ  aŶd  staďle  liŶeage 
differeŶtiatioŶ aŶd fuŶĐtioŶalitǇ ΀Ϯϰ, Ϯϱ΁. We haǀe shoǁŶ iŶ earlier ǁork that the iŶduĐtioŶ of 
Tregs depeŶds oŶ the H. pylori ǀiruleŶĐe faĐtor aŶd iŵŵuŶoŵodulator saĐA; saĐA ŵutaŶts fail 
to iŶduĐe suppressiǀe Tregs aŶd to ĐoŶfer asthŵa proteĐtioŶ, aŶd saĐA aloŶe, adŵiŶistered iŶ 
purified forŵ, reĐapitulates ŵaŶǇ of the ďeŶefiĐial effeĐts of liǀe iŶfeĐtioŶ ΀ϮϮ, Ϯϵ΁. H. pylori saĐA 
ŵutaŶts fail to ĐoloŶize persisteŶtlǇ aŶd at ǁild tǇpe leǀels, aŶd rather are Đleared effeĐtiǀelǇ ďǇ 
aŶ oǀershootiŶg TͲhelperͲϭ respoŶse. The iŵŵuŶoŵodulatorǇ effeĐts of saĐA ǁere ĐoŶfirŵed iŶ 
the food allergǇ ŵodels preseŶted here, aŶd ǁere refleĐted iŶ the epigeŶetiĐ sigŶature of Tregs 
isolated froŵ saĐAͲtreated ŵiĐe. IŶ ĐoŶĐlusioŶ, H. pylori possesses stroŶg iŵŵuŶoŵodulatorǇ 
properties,  ŵediated  at  least  iŶ  part  ďǇ  the  saĐA  proteiŶ,  that  alloǁ  it  to  ŵodulate  TͲĐell 
respoŶses  direĐted  at  the  iŶfeĐtioŶ  itself,  as ǁell  as  at  ĐoŶspiĐuous  food  aŶd  eŶǀiroŶŵeŶtal 
aŶtigeŶs. These properties are eǀideŶt Ŷot oŶlǇ loĐallǇ iŶ the gastriĐ ŵuĐosa, ďut sǇsteŵiĐallǇ, 
aŶd stroŶglǇ affeĐt the iŶdiǀidual Đarrier͛s allergǇ risk.  
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&igure legends	
 
&igure 1͘ KsͲ induĐed food allergy is aŵeliorated ďy neonatal H͘ pylori  infeĐtion or ǁeeŬly 
eǆtraĐt treatŵent͘ ;AͿ SĐheŵatiĐ of OsAͲiŶduĐed food allergǇ aŶd H. pylori iŶterǀeŶtioŶs. MiĐe 
ǁere  seŶsitized  tǁiĐe  iŶtraperitoŶeallǇ  ;i.p.Ϳ  ǁith  ϱϬ  ?g  of  aluŵͲadũuǀaŶted  OsA  aŶd  orallǇ 
ĐhalleŶged four ǁeeks later oŶ four ĐoŶseĐutiǀe daǇs ǁith ϲϬ ŵg OsA ;sͬĐ; positiǀe ĐoŶtrolsͿ. 
Eegatiǀe  ĐoŶtrol  aŶiŵals  ǁere  ĐhalleŶged  ďut  Ŷot  seŶsitized,  or  Ŷeither  seŶsitized  Ŷor 
ĐhalleŶged. OŶe group of ŵiĐe ǁas ŶeoŶatallǇ  iŶfeĐted oŶ daǇ ϲ aŶd ϳ after ďirth ǁith the H. 
pylori straiŶ WMSSϭ ;iŶfͿ, aŶd aŶother group ǁas treated ǁeeklǇ ďǇ oral gaǀage ǁith ϭϬϬͲϮϬϬ ?g 
;adũusted to ďodǇ ǁeightͿ ǁhole Đell H. pylori eǆtraĐt startiŶg oŶ daǇ ϲ or ϳ after ďirth ;eǆtr p.o.Ϳ. 
;Ϳ Cuŵulatiǀe aŶaphǇlaǆis sĐore assigŶed upoŶ ĐhalleŶge ;suŵ of three sĐoresͿ. sͬĐ, seŶsitizatioŶ 
aŶd ĐhalleŶge. ;CͿ RepreseŶtatiǀe piĐtures shoǁiŶg ŵiĐe ǁith a sĐore of ϭ ;repetitiǀe sĐratĐhiŶg 
arouŶd Ŷose aŶd head, aŶd hiŶdͲlegͲearͲdiggiŶgͿ aŶd a  sĐore of Ϯ  ;puffiŶg arouŶd eǇes, pilar 
ereĐti, deĐreased aĐtiǀitǇͿ. ;DͿ Seruŵ OsAͲspeĐifiĐ IgGϭ, as deterŵiŶed ďǇ E>ISA. ;E,FͿ CǇtokiŶe 
produĐtioŶ, as deterŵiŶed ďǇ I>Ͳϱ aŶd I>Ͳϭϯ E>ISA, of spleŶoĐǇtes that had ďeeŶ reͲstiŵulated iŶ 
ǀitro ǁith OsA for four daǇs. IŶ ,D,E aŶd F, eaĐh sǇŵďol represeŶts oŶe ŵouse. Graphs shoǁ 
pooled  data  froŵ ϱ  ;Ϳ,  ϰ  ;DͿ  aŶd  Ϯ  ;E,FͿ  eǆperiŵeŶts.  HorizoŶtal  liŶes  iŶdiĐate ŵediaŶs;  aŶ 
uŶpaired MaŶŶͲWhitŶeǇ U test ǁas used for ĐalĐulatioŶ of pͲǀalues. * pфϬ.Ϭϱ, ** pфϬ.Ϭϭ, *** 
pфϬ.ϬϬϭ, **** pфϬ.ϬϬϬϭ. 
 
 
&igure Ϯ͘ ŵelioration of allergiĐ syŵƉtoŵs in an oral ĐŚallenge Ɖeanut allergy ŵodel uƉon H͘ 
pylori sƉeĐifiĐ treatŵents. ;AͿ SĐheŵatiĐ of WEͲiŶduĐed food allergǇ aŶd H. pylori iŶterǀeŶtioŶs. 
MiĐe ǁere seŶsitized four tiŵes ďǇ oral gaǀage ;p.o.Ϳ ǁith Ϯ ŵg of peaŶutͲeǆtraĐt ;WEͿ adũuǀaŶted 
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ǁith ϮϬ ?g Đholera toǆiŶ ;CTͿ, folloǁed four ǁeeks later ďǇ oral ĐhalleŶges oŶ four ĐoŶseĐutiǀe 
daǇs  ǁith  ϲϬ ŵg  OsA  ;positiǀe  ĐoŶtrolsͿ.  Eegatiǀe  ĐoŶtrol  aŶiŵals  ǁere  ĐhalleŶged  ďut  Ŷot 
seŶsitized, or Ŷeither seŶsitized Ŷor ĐhalleŶged. OŶe group of ŵiĐe ǁas ŶeoŶatallǇ iŶfeĐted oŶ 
daǇ ϲ aŶd ϳ after ďirth ǁith the H. pylori straiŶ WMSSϭ ;iŶfͿ, aŶd aŶother group ǁas treated ǁeeklǇ 
ďǇ oral gaǀage ǁith ϭϬϬͲϮϬϬ ?g ;adũusted to ďodǇ ǁeightͿ ǁhole Đell H. pylori eǆtraĐt startiŶg oŶ 
daǇ ϲ or ϳ after ďirth ;eǆtr p.o.Ϳ. A fiŶal group reĐeiǀed oŶĐeͲǁeeklǇ iŶĐreasiŶg doses ;adũusted 
to  ďodǇ  ǁeightͿ  of  ϱͲϮϬ  ?g  purified  saĐA  ;saĐA  i.p.Ϳ  startiŶg  oŶ  daǇ  ϲ  or  ϳ  after  ďirth.  ;Ϳ 
Cuŵulatiǀe aŶaphǇlaǆis sĐore assigŶed upoŶ ĐhalleŶge ;suŵ of three sĐoresͿ.  ;C,DͿ Seruŵ WEͲ
speĐifiĐ  IgE  aŶd MCWTϭ  leǀels,  as  deterŵiŶed  ďǇ  E>ISA.  IŶ  ͲD,  eaĐh  sǇŵďol  represeŶts  oŶe 
ŵouse. Graphs shoǁ pooled data froŵ ϰ ;Ϳ, ϯ ;CͿ aŶd Ϯ ;DͿ eǆperiŵeŶts. HorizoŶtal liŶes iŶdiĐate 
ŵediaŶs; aŶ uŶpaired MaŶŶͲWhitŶeǇ U test ǁas used for ĐalĐulatioŶ of pͲǀalues. ** pфϬ.Ϭϭ, **** 
pфϬ.ϬϬϬϭ. 
 
 
&igure 3͘ ^ysteŵiĐally induĐed Ɖeanut food allergy is reduĐed uƉon neonatal H͘ pylori infeĐtion 
or ǁeeŬly treatŵent ǁitŚ eǆtraĐt or saĐ͘ ;AͿ SĐheŵatiĐ of WEͲiŶduĐed food allergǇ aŶd H. pylori 
iŶterǀeŶtioŶs. MiĐe ǁere seŶsitized four tiŵes ďǇ oral gaǀage ;p.o.Ϳ ǁith Ϯ ŵg of peaŶutͲeǆtraĐt 
;WEͿ adũuǀaŶted ǁith ϮϬ ?g Đholera toǆiŶ ;CTͿ,  folloǁed oŶe ǁeek  later ďǇ tǁo i.p. ĐhalleŶges 
;ǁith  a  tǁo  daǇ  iŶterǀalͿ  ǁith  ϭ  ŵg  OsA  ;positiǀe  ĐoŶtrolsͿ.  Eegatiǀe  ĐoŶtrol  aŶiŵals  ǁere 
ĐhalleŶged  ďut  Ŷot  seŶsitized,  or  Ŷeither  seŶsitized  Ŷor  ĐhalleŶged.  OŶe  group  of  ŵiĐe  ǁas 
ŶeoŶatallǇ iŶfeĐted oŶ daǇ ϲ aŶd ϳ after ďirth ǁith the H. pylori straiŶ WMSSϭ ;iŶfͿ, aŶd aŶother 
group ǁas treated ǁeeklǇ ďǇ oral gaǀage or i.p. ǁith ǁhole Đell H. pylori eǆtraĐt startiŶg oŶ daǇ 
ϲ or ϳ after ďirth ;eǆtr p.o.ͬi.p.Ϳ. A fiŶal group reĐeiǀed ǁeeklǇ iŶĐreasiŶg doses ;adũusted to ďodǇ 
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ǁeightͿ of ϱͲϮϬ ?g purified saĐA ;saĐA i.p.Ϳ startiŶg oŶ daǇ ϲ or ϳ after ďirth.  ;Ϳ AŶaphǇlaǆis 
sĐore assigŶed at first ĐhalleŶge. ;CͿ RepreseŶtatiǀe piĐtures shoǁiŶg ŵiĐe ǁith a sĐore of ϯ ;lǇiŶg 
proŶe oŶ stoŵaĐh for ŵore thaŶ oŶe ŵiŶuteͿ. ;D,EͿ CǇtokiŶe produĐtioŶ, as deterŵiŶed ďǇ I>Ͳϱ 
aŶd I>Ͳϭϯ E>ISA, of spleŶoĐǇtes that had ďeeŶ reͲstiŵulated iŶ ǀitro ǁith WE for four daǇs. IŶ ,D, 
aŶd E,  eaĐh  sǇŵďol  represeŶts oŶe ŵouse. Graphs  shoǁ pooled data  froŵ ϴ  ;Ϳ  aŶd ϱ  ;D,EͿ 
eǆperiŵeŶts. HorizoŶtal liŶes iŶdiĐate ŵediaŶs; aŶ uŶpaired MaŶŶͲWhitŶeǇ U test ǁas used for 
ĐalĐulatioŶ of pͲǀalues. * pфϬ.Ϭϱ, **** pфϬ.ϬϬϬϭ. 
 
 
&igure  ϰ͘  DeĐreased  ŵetŚylation  of  tŚe  dregͲsƉeĐifiĐͲdeŵetŚylatedͲregion  ;d^DRͿ  uƉon  H͘ 
pyloriͲsƉeĐifiĐ treatŵent͘ ;AͿ SĐheŵatiĐ oǀerǀieǁ of the &KyWϯ loĐus ǁith the TSDR upstreaŵ of 
the  TSS  ;retrieǀed  usiŶg  >ASTͿ.  The  CGͲĐoŶtaiŶiŶg  regioŶ  is  ŵarked  iŶ  ďlue  aŶd  CG ŵotifs 
Đoǀered  ďǇ  pǇroseƋueŶĐiŶg  are  ŵarked  iŶ  ďold  red.  ;Ϳ  MethǇlatioŶ  patterŶ  of  ϭϬ  CG 
diŶuĐleotides ǁithiŶ the TSDR, of FACSͲsorted M>EͲderiǀed CDϰ+Foǆpϯ+ aŶd CDϰ+FoǆWϯͲ TͲĐells. 
AŶiŵals ǁere treated as iŶdiĐated. The ŵethǇlatioŶ status of the iŶdiǀidual CGs is ĐolorͲĐoded 
;left  paŶelͿ.  White  Đells  iŶdiĐate  seƋueŶĐes  that  failed  to  Ǉield  iŶterpretaďle  results  due  to 
teĐhŶiĐal proďleŵs. 
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&igures 
&igure 1 
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&igure Ϯ 
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&igure 3 
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&igure ϰ 
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1		
^uƉƉleŵental &igures 
 
^uƉƉl͘ &igure 1 
 
  
^uƉƉl͘ &igure 1͘ KsͲsƉeĐifiĐ /g and ŵast Đell Ɖrotease ;DCPdͿ 1 leǀels are reduĐed uƉon H͘ 
pylori  eǆtraĐt  treatŵent  in  an  KsͲinduĐed  food  allergy  ŵodel͘  MiĐe  ǁere  seŶsitized, 
ĐhalleŶged  aŶd  treated  as  desĐriďed  iŶ  Figure  ϭ.  ;Ϳ  OsAͲspeĐifiĐ  IgE  leǀels  iŶ  seruŵ,  as 
deterŵiŶed ďǇ E>ISA, of aŶiŵals that ǁere seŶsitized aŶd ĐhalleŶged ;sͬĐͿ ǁith OsA aŶd iŶfeĐted 
or Ŷot ǁith H. pylori. AdditioŶal ŵiĐe reĐeiǀed regular doses of H. pylori eǆtraĐt ďǇ oral gaǀage 
;p.o.Ϳ. All ǀalues ǁere Ŷorŵalized to the aǀerage Ŷegatiǀe ĐoŶtrol ;ĐhalleŶged, ďut Ŷot seŶsitized 
ŵiĐeͿ IgE leǀel. ;Ϳ Mast Đell protease ϭ ;MCWTϭͿ ĐoŶĐeŶtratioŶ iŶ seruŵ, as ŵeasured ďǇ E>ISA, 
of the ŵiĐe shoǁŶ iŶ A, Ŷorŵalized to the aǀerage Ŷegatiǀe ĐoŶtrol ǀalue. IŶ A aŶd , eaĐh sǇŵďol 
represeŶts  oŶe  ŵouse.  Graphs  shoǁ  pooled  data  froŵ  ϱ  ;iŶ  AͿ  aŶd  ϰ  ;iŶ  Ϳ  eǆperiŵeŶts. 
HorizoŶtal liŶes iŶdiĐate ŵediaŶs; aŶ uŶpaired MaŶŶͲWhitŶeǇ U test ǁas used for ĐalĐulatioŶ of 
pͲǀalues. * pфϬ.Ϭϱ, *** pфϬ.ϬϬϭ. 
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^uƉƉl͘ &igure Ϯ 
 
^uƉƉl͘ &igure Ϯ͘ PͲsƉeĐifiĐ /g and ŵast Đell Ɖrotease 1 leǀels are Ɖartially reduĐed uƉon H͘ 
pylori eǆtraĐt treatŵent or infeĐtion͘ MiĐe ǁere seŶsitized, ĐhalleŶged aŶd treated as desĐriďed 
iŶ Figure ϯ. ;Ϳ WEͲspeĐifiĐ OsAͲspeĐifiĐ IgE leǀels iŶ seruŵ, as deterŵiŶed ďǇ E>ISA, of aŶiŵals 
that ǁere seŶsitized aŶd ĐhalleŶged ;sͬĐͿ ǁith WE aŶd iŶfeĐted or Ŷot ǁith H. pylori. AdditioŶal 
ŵiĐe reĐeiǀed regular doses of H. pylori eǆtraĐt ďǇ oral gaǀage ;p.o.Ϳ or i.p., or ǁere treated i.p. 
ǁith saĐA. ;Ϳ  IŶ A aŶd , eaĐh sǇŵďol represeŶts oŶe ŵouse. Graphs shoǁ pooled data froŵ ϱ 
;iŶ AͿ aŶd ϲ ;iŶ Ϳ eǆperiŵeŶts. HorizoŶtal liŶes iŶdiĐate ŵediaŶs; aŶ uŶpaired MaŶŶͲWhitŶeǇ U 
test ǁas used for ĐalĐulatioŶ of pͲǀalues. * pфϬ.Ϭϱ, *** pфϬ.ϬϬϭ. 
